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Titre : Étude de nouveaux conducteurs protoniques pour des cellules à oxyde solide à haute 
température 
Mots clés : Céramique, pile à combustible, conductivité, conducteurs protoniques, des unités 
tétraédriques, la synthèse de chimie humide 
Résumé : L'objectif principal de ce travail était 
l'étude systématique de plusieurs groupes de 
matériaux conducteurs protoniques: Gd3-
xMexGaO6-δ (Me = Ca2+, Sr2+), Ba2Nb1-xY1+xO6-δ, 
and BaZr0.85Y0.15O3-δ (BZY15). Nous avons 
développé une voie de synthèse pour chaque 
groupe de matériaux tels que le procédé de 
combustion sol-gel, la synthèse lyophilisation et 
le procédé de complexation de citrate-EDTA 
modifié. Des nanopoudres pures et des 
céramiques denses ont été obtenus après ces 
synthèses suives d’un processus de frittage 
classique. La structure et la composition des 
produits obtenues ont été caractérisées par 
diffraction des rayons X (XRD) et microscopie 
électronique à balayage (MEB). La variation de 
la conductivité en fonction de la température a 
été étudiée par spectroscopie d'impédance, ainsi 
que la dépendance  en fonction de pO2 et pH2O. 
Pour la famille de Gd3-xMexGaO6-δ (Me = Ca2+, 
Sr2+), nous avons étudié l'influence de la nature 
et la quantité de dopant sur les propriétés 
structurales et électriques. Les résultats 
indiquent une solution solide possible jusqu'à 
10% de taux du substituant. Selon les 
observations au MEB, la taille des grains est 
augmente le taux de substitution.  
En ce qui concerne les propriétés électriques, 
nous avons constaté une augmentation de la 
conduction avec le taux de substitution. Tous 
les composés présentent une bonne stabilité en 
milieu humide, sous hydrogène et CO2. Dans le 
cas des matériaux Ba2Y1+xNb1-xO6-δ, les 
propriétés physico-chimiques des matériaux 
synthétisés ont été caractérisées par la 
diffraction des rayons X et par MEB. La taille 
moyenne des grains a considérablement 
augmenté avec l'augmentation du taux de Y3+. 
Les propriétés de conduction ont été légèrement 
améliorées avec la substitution partielle de 
niobium par l'yttrium. La stabilité de 
Ba2Y1+xNb1-xO6-δ composés a été étudiée sous 
différentes atmosphères et conditions. Les 
propriétés de conduction ionique restent 
modestes ce qui a été explique par des 
simulations de dynamique moléculaire. Enfin, 
nous avons étudié l'influence d’emploi d'un 
additif ZnO et NiO lors de la synthèse de 
BZY15, les adjuvants de frittage pouvant être 
utilisés pour abaisser la température de frittage. 
L'oxyde de zinc comme un adjuvant de frittage 
permet de diminuer de 300 °C la température de 
frittage et d’augmenter légèrement la 
conduction ionique. 
 
 
 
Title : Study of novel proton conductors for high temperature Solid Oxide Cells 
Keywords : Ceramics, SOFC, conductivity, proton conductors, tetrahedral units, wet chemistry 
synthesis 
Abstract : The main objective of the present 
work was the systematic study of several 
groups of materials: Gd3-xMexGaO6-δ (Me = 
Ca2+, Sr2+), Ba2Y1+xNb1-xO6-δ , and 
BaZr0.85Y0.15O3-δ (BZY15) as proton 
conductors. We developed a synthesis route for 
each group of materials such as microwave-
 Concerning electrical properties, we found an 
increase of conduction with increasing dopant 
content. All compounds present a good stability 
in humid, hydrogen and CO2 containing 
atmosphere. In case of Ba2Y1+xNb1-xO6-δ 
materials, the physico-chemical properties of 
synthesized materials have been 
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assisted citric acid combustion method, freeze-
drying synthesis and modified citrate-EDTA 
complexing method. Pure nanopowders and 
dense ceramics were obtained after these 
syntheses plus a classical sintering process. The 
structure and composition of the obtained 
products were characterized by X-Ray 
diffraction (XRD) and scanning electron 
microscopy (SEM). The temperature 
dependences of the conductivity were 
investigated by impedance spectroscopy as a 
function of pO2 and pH2O. For the family of 
Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+), we studied 
the influence of dopant nature and content on 
the structural and electrical properties. Results 
indicate that the substitution possible till 10 % 
of doping content. According to the SEM 
observations, the grain size is increased with 
increasing dopant content.  
 
characterized by the XRD and SEM 
techniques. The average grain size increased 
significantly with increasing amount of Y3+. 
Conduction properties were slightly improved 
with the partial substitution of niobium by 
yttrium. The stability of Ba2Y1+xNb1-xO6-δ 
compounds was investigated under different 
atmospheres and conditions. The ionic 
conduction in this case is quite low, which has 
been explained by futher molecular dynamics 
simulations. Finally, we studied the influence 
of an ZnO and NiO additives on the sintering 
of BZY15, being these sintering aids used to 
lower the sintering temperature. Zinc oxide as a 
sintering aid lowers the sintering temperature 
by 300 °C and slightly increases the bulk and 
total conductivity of BZY15. 
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Chapter 1 Introduction 
 
 
1.1 Fuel cells: principle, types, advantages 
Renewable energy sources are an infinite resource unlike energy produced from fossil fuels. 
Natural phenomena such as sunlight, wind, waves, water flow, biological processes and geothermal 
heat are some of the renewable energy sources available to mankind. But they are site-specific and 
intermittent, which is not suitable for continuous energy supply. Therefore storage or energy carriers 
are needed [1-4]. Hydrogen and fuel cells are seen by many as key solutions for the 21st century, 
enabling clean efficient production of power and heat from a range of primary energy sources. 
Hydrogen, which is transportable and storable, could serve as an attractive option for energy carrier, as 
a precursor for synthetic fuels when combined with CO2, as well as a potential clean fuel for many 
applications, such as for heating, electricity and vehicles [5-7]. Fuel cells will be used in a wide range 
of products, ranging from very small fuel cells in portable devices such as mobile phones and laptops, 
through mobile applications like cars, delivery vehicles, buses and ships, to heat and power generators 
in stationary applications in the domestic and industrial sector. Future energy systems will also include 
improved conventional energy converters running on hydrogen (e.g. internal combustion engines, 
Stirling engines, and turbines) as well as other energy carriers (e.g. direct heat and electricity from 
renewable energy, and bio-fuels for transport) [8].  
Fuel cells are electrochemical devices that convert directly chemical energy present in fuels into 
electrical energy, see Figure 1.1. They are a promising alternative to traditional power generation with 
high efficiency and low environmental impact. Because the intermediate steps of producing heat and 
mechanical work typical of most conventional power generation methods are avoided, fuel cells are 
not limited by thermodynamic limitations of heat engines such as the Carnot efficiency. In 
principle, fuel cell works like a battery in sense that it also produces electrical energy through 
electrochemical processes. However, unlike a battery, a fuel cell cannot run out as long as fuel is 
continuously supplied. This is interesting for applications in which absolutely reliable energy supply is 
needed like military and health care. 
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Figure 1.1 Simple scheme of working fuel cell [9] 
 
Typically, fuel cell consists of three main sections: anode, electrolyte and cathode. A fuel and 
an oxidant, supplied from external sources, are introduced to the anode and cathode side, respectively. 
Both could be any gases capable of being electrochemically oxidised and reduced. The driving force 
of the operation is the chemical potential gradient of ions across the electrolyte. Direct-current 
electricity is consequently produced in the external circuit. In the real application, fuel cells are 
connected in a series of cells in order to obtain higher outlet voltage. An interconnect plate is always 
installed to provide the electronic contact between the anode of one cell and the cathode of the next 
cell [10].  
Normally a fuel cell is classified by the type of working electrolyte. The electrolyte determines 
the chemical reactions that take place in the cell, the catalysts required, and the temperature range in 
which the cell operates. Fuel cells can also be divided according to their operating temperatures [11]. 
As seen in Table 1.1, the first three types of fuel cells may be classified as low temperature fuel cells, 
the remaining two being high temperature fuel cells. A key point is the relative flexibility regarding 
the fuel, function of the operating temperature: 
 for low temperatures fuel cells like PEMFC, the use of hydrogen is necessary unless in the 
direct methanol technology. 
 on the contrary, for high temperatures devices the use of hydrocarbons like natural gas is 
possible. In these cases, the high operating temperatures give the possibility to reform internally the 
hydrocarbons into hydrogen. Hydrocarbons being natural and quite inexpensive compared to the 
expensive synthesized hydrogen, this possibility are a strong asset for SOFC technology. 
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Table 1.1 Types of fuel cells [11] 
 Type of Fuel Cell 
PEM AFC PAFC MCFC SOFC 
 
Electrolyte 
Polymer, 
Proton 
exchange 
membrane 
Potassium 
hydroxide  
(KOH) 
Phosphoric 
acid 
Molten salt 
(nitrate, 
carbonate…) 
YSZ 
Working 
Temperature 
(ºC) 
50-80  50-200 ~ 220 ~ 650 500-1000 
Fuel H2 
(from 
hydrocarbons 
or methanol) 
H2 or 
hydrazine
 
 
H2 
(from 
hydrocarbons 
or alcohol) 
H2, CO2, 
natural gas, 
propane 
 
H2,  
natural gas, 
propane 
Oxidant O2/Air O2/Air O2/Air CO2/O2/Air O2/Air 
Mobile Ion H+ OH- H+ CO32- O2-/H+ 
Anode Catalyst Platinum Platinum Platinum Nickel Nickel 
 
Fuel cells have various advantages compared to conventional power sources, such as internal 
combustion engines or batteries, which feature more or less strongly for different types and lead to 
different applications (Figure 1.2).  
 
Figure 1.2 Chart to summarize the applications and main advantages of fuel cells of different types, 
and in different applications [11] 
Chapter 1 Introduction 
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Although some of the fuel cells attributes are only valid for some applications, most advantages 
are more general [11, 12]: 
 Fuel cells are generally more efficient than combustion engines whether piston or turbine 
based.  
 Low temperature fuel cells (PEMFC, DMFC) have low heat transmission which makes them 
ideal for military applications. Higher temperature fuel cells produce high-grade process heat along 
with electricity and are well suited to cogeneration applications (such as combined heat and power for 
residential use). 
 Fuel cells do not need conventional fuels such as oil or gas and can therefore reduce 
economic dependence on oil producing countries, creating greater energy security for the user nation. 
 Low emissions. The by-product of the main fuel cell reaction, when hydrogen is the fuel, is 
pure water, which means a fuel cell can be essentially ‘zero emission’. This is their main advantage 
when used in vehicles, as there is a requirement to reduce vehicle emissions, and even eliminate them 
within cities. However, it should be noted that, at present, emissions of CO2 are nearly always 
involved in the production of hydrogen that is needed as the fuel. 
 Fuel cells are very quiet, even those with extensive extra fuel processing equipment. This is 
very important in both portable power applications and for local power generation in combined heat 
and power schemes.  
The most important disadvantage of fuel cells at the present time is the same for all types – the 
cost. Also the fact that hydrogen is the preferred fuel in fuel cells is one of their principal 
disadvantages as well.  
1.2 Solid Oxide Fuel Cells (SOFC) and Proton Conducting Fuel Cells (PCFC): principle 
and components 
SOFCs differ in many respects from other fuel cell technologies. First, they are composed of 
all-solid-state materials. Second, SOFCs operate at temperatures between 600 °C and 1000 °C where 
the ionic conductivities of the electrolyte materials is high enough to assure efficiently the transport of 
O2-. Third, the solid state character of all SOFC components means that there is no fundamental 
restriction on the cell configuration [13]. Similar to other type of fuel cells, SOFCs require fuel such as 
hydrogen, and oxidant reactants such as oxygen or air to electrochemically react at high temperature 
and generate electrical energy. Hydrogen is normally used as the fuel since it has high electrochemical 
activity, but carbon monoxide can be also used as the fuel together with hydrogen. The direct use of a 
hydrocarbon gas instead of hydrogen or carbon monoxide is also possible when operated as internal 
reforming. Figure 1.3 shows the principle of electrochemical cell for SOFC. One important challenge 
in improving SOFC technology is to reduce the working temperature to 500–700 °C. Such 
intermediate-temperature SOFCs would hasten implementation of this technology in distributed 
Chapter 1 Introduction 
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combined heat and power (CHP) systems. In addition, lowering the working temperature is 
advantageous in terms of long-term operation, materials stability, cost and safety [14-18]. 
 
 
 Figure 1.3 Schematic diagram of the processes taking place in a solid oxide fuel cell (SOFC) during 
operation; (a) oxide-ion conducting electrolyte, and (b) proton conducting electrolyte [14] 
In a classical SOFC based on anion-conducting electrolyte, the reduction of oxygen occurs at 
the cathode and the resulting O2- anion is then transported across the electrolyte till the anode side, 
where it will combine with H2 gas to form gaseous water. The two half-reactions of 
oxidation/reduction involve exchanges of electrons that circulate in the external circuit. In Proton 
Conducting Fuel Cells (PCFC), hydrogen is oxidized into H+ and this H+ is carried out till the cathode 
through the proton conducting electrolyte. H+ ions then react with O2 gas to form gaseous water. 
Intrinsically, the oxide ion-conducting fuel cell produces then water vapor on the anode side, which 
lowers the cell voltage, and reduces fuel utilization and requires considerable fuel circulation [19]. A 
proton-conducting fuel cell, on the other hand, produces water at the cathode. The high air flow 
usually used takes care of this, while the anode fuel gas remains undiluted by water vapor, keeping the 
Nernst voltage high [20]. 
The main components of a single cell are electrolyte, cathode and anode. When single cells are 
stacked together to generate more power, two more cell components namely the interconnect and the 
sealant are required. Material specifications for SOFCs are gathered in Table 1.2. The solid electrolyte 
is between the electrode (anode and cathode) to conduct the ions of O2- but not conduct electron, thus 
the current passes through the device via the external circuit. The fuel is oxidized at the anode and the 
oxygen is reduced at the cathode [21] according to following reactions: 
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Cathode Reaction:                           (1.1) 
Anode Reaction:                                  (1.2) 
Overall Reaction:                              (1.3) 
 
Table 1.2 Main specifications for SOFC constituting materials [20] 
 Material 
requirements 
Density Ionic 
conductivity 
Electronic 
conductivity 
Anode Chemical stability 
under reducing atm. 
(pO2 ~10-18 Atm) 
Porous (20–40%) 
Preferably with 
gradient 
Delocalise the 
electrochemical 
reaction 
Highest (Ni-Cermet 
103 S cm-1 at 800–
900 °C) 
Electrolyte Chemical stability 
under high pO2 gradient 
(10-18 Atm to 1 Atm) 
Dense ( ≥ 95%) Highest  
(YSZ: 10-1 S 
cm-1 at 1000 °C, 
10-2 S cm-1 at 
750 °C) 
Negligible 
compared to ionic 
conductivity 
Cathode Chemical stability 
under oxidising atm. 
(pO2 ~ 1 Atm) 
Porous (20–40%) 
Preferably with 
gradient 
Delocalise the 
electrochemical 
reaction 
Highest  
(LSM ~ 102 S cm-1 
at 800–900 °C) 
Interconnect Chemical stability and 
corrosion resistance 
Dense ( ≥ 95%) - Highest (including 
protective coating & 
oxide layer) 
 
The cathode has to be porous and stable under oxidising conditions. This layer is conducting for 
electrons and ideally also for ions. Different mixed ionic-electronic conductors with perovskite 
structure have been proposed in the last few years as potential cathode materials for SOFC, such as 
cobaltites, ferrites, nickelates and double perovskites. However, they usually exhibit chemical and 
thermal expansion incompatibilities with yttria stabilized zirconia (YSZ) electrolyte [22-24]. Sr-doped 
lanthanum manganites, La1−xSrxMnO3−δ  (LSM), are the most common cathode material used in SOFC 
systems due to their high stability under oxidant atmospheres and high temperatures compared to other 
alternative materials [25-28]. The LSM class of compounds combines poor oxide ion conductivity 
with a very favorable electronic conductivity due to the partial oxidizing of Mn4+ in Mn3+. One 
problem lies in the formation of La2Zr2O7 at the interface between LSM and YSZ; on the other hand, 
LSC has a better ionic conductivity but presents a poor stability in presence of classical electrolytes at 
the working temperature [29].  
The anode materials can be mixed conductors and thus typically contain transition metals to 
provide the electronic conductivity. Also it should be compatible (chemical and thermal expansion) 
with the electrolyte and provide means for transport of gas from the fuel, oxygen ions from the 
electrolyte and electrons to the interconnect. The catalytic properties of the anode to the fuel oxidation 
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reaction are also important, particularly as the operating temperature is decreased. The most widely 
used anode for SOFCs is a cermet of nickel and yttria-stabilized zirconia (YSZ) [30-33].  
Electrolytes for SOFCs are solid and dense metal oxides. They should exhibit high ionic 
conductivity, however, combined with low electronic conductivity. Other requirements for the 
electrolyte of SOFCs are stability under both oxidation and reduction conditions, long term chemical 
stability and mechanical compatibility with the electrode materials [23]. Their development started in 
the 50’s after the discovery of the crucial importance of anion vacancies in conduction mechanisms by 
Wagner [34]. Almost all SOFC systems currently being developed employ a stabilized zirconia 
(ZrO2), especially yttria stabilized zirconia, because this material has an adequate level of oxide ionic 
conductivity and shows the desirable stability in both oxidizing and reducing environments, as well it 
is also abundant, relatively low in cost and is strong whilst being easy to fabricate. Dopant 
concentration is often fixed between 8 % and 10 % which prevents the formation of ordered domains 
of vacancies. The main disadvange is the required high temperature of use, which implies the use of 
ceramics as interconnects and leads to problems regarding the thermal cycling of interconnects [35, 
36]. Strontium and magnesium doped lanthanum gallate (LSGM) was discovered more recently and 
has an ionic conductivity similar to that of doped ceria [37] and it has higher oxygen-ion conductivity 
than conventional YSZ between 600-800 °C and negligible electronic conductivity [38- 40]. While it 
is not reducible like ceria, the fact that it is a stoichiometric compound implies that the composition 
must be precise. LSGM is currently considered as one of the most promising electrolyte materials for 
intermediate temperature SOFCs [39]. But there are other materials based on different structures 
which are also used as electrolytes: apatites [41, 42], which present conduction channels [43], the 
LAMOX family [44], cuspidine-type compounds (RE4(Ga2O7)O2) [45] and finally, BIVEMOX 
materials [46]. However, none of these new compounds have yet reached a real integration into 
operating systems. 
The interconnects form the connection between the anode of one cell and the cathode of the 
next in a stack arrangement. Regardless of configurations, interconnect physically separates yet 
electrically connects anode of one cell to the cathode of the other. The material requirements for the 
interconnect are the most demanding among the four components (anode, cathode, electrolyte, and 
interconnect). Successful development of competent and affordable interconnect is vital to the ultimate 
commercialization of SOFC. W.Z. Zhu et al. [47] give several conditions which interconnects need to 
fulfill:  
 Excellent electrical conductivity with preferably nearly 100 % electronic conduction; 
 Adequate stability in terms of dimension, microstructure, chemistry, and phase at operating 
temperature around 800 °C in both reducing and oxidizing atmospheres, since they are exposed to 
oxygen on one side and fuel on the other; 
 Exceptionally low permeability for oxygen and hydrogen to minimize the direct combination 
of oxidant and fuel during cell operation; 
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 Thermal expansion coefficient (TEC) of interconnect should be comparable to those of 
electrodes and electrolyte between ambient and operating temperatures, so that the thermal stress 
developed during stack startup and shutdown could be minimized; 
 Interconnect should be easy to fabricate, which plays a key role in promoting mass 
production. 
The choice of interconnector materials is dependent on the stack design and majorly on the 
operating temperature. Ceramic interconnect materials which are oxides such as LaCrO3-δ system, and 
are thus stable in oxidizing atmospheres, but typically have lower electrical conductivities as 
compared to metals. Lowering the operating temperature allows a switch from ceramic to metallic 
interconnects by effectively diminishing the oxidation rates for metals at the cathode side, showing 
remarkable advantages such as higher electrical and conductivity, negligible ohmic loss, low cost and 
easy manufacture [48-51]. 
1.3 Proton-conducting electrolyte materials for SOFCs 
1.3.1 Materials 
The search for alternative materials to YSZ has been mainly focused on oxygen-ion conducting 
electrolytes [52, 53]. However, in the last decade a growing interest has been directed toward high-
temperature proton-conducting (HTPC) electrolytes, mainly perovskite-type oxides [50]. HTPC 
electrolytes show proton conductivity when exposed to hydrogen- or water-vapor-containing 
atmospheres, achieving suitable conductivity values in the IT range (about 10−2 S.cm−1 at 600 °C), 
with an activation energy that is generally smaller than that for oxygen-ion electrolytes [55-59]. These 
compounds should have several important requirements as electrolyte materials: high ionic 
conductivity with negligible electronic conductivity under working conditions, chemical stability, 
good sinterability and good chemical compatibility with Ni, which is the most used hydrogen 
electrode for both SOFCs [60]. Ceramic proton conductors have a larger ionic transport number than 
ceria doped gadolinia and better chemical compatibility with conventional SOFC materials than 
lanthanum strontium gallates (LSGM). Furthermore, these oxides can work in the temperature range 
400-750 °C in dependence of their lower activation enthalpies of their conductivity, and they represent 
a possible alternative to the classical SOFC electrolytes based on yttria stabilized zirconia which 
operates only at higher temperatures [35]. 
The first report of protonic conduction at high temperature was given by Iwahara et al. [61, 62] 
in doped ABO3 perovskites. After more than 20 years of active research, the perovskite-type cerates 
and zirconates have become well-established proton conducting systems [63-67]. A typical 
conductivity vs. inverse temperature curve for different proton conductors is shown in Figure 1.4. 
Doped barium cerate electrolytes show high protonic conductivity and satisfactory sinterability [55, 
56] but they react with acidic gases (e.g., CO2 and SO2) and steam [68-70]. The use of hydrocarbons 
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as fuel is indeed in this case totally prohibited as it inevitably leads to the formation of CO2. 
Chemically stable doped barium zirconate sintered pellets generally have a low total proton 
conductivity because of the large volume content of poorly conducting grain boundaries. However, 
electrical measurements of grain-boundary free Y-doped barium zirconate (BZY) thin films 
demonstrated very high bulk proton conductivity [71], indicating that the reduction of the grain-
boundary content can effectively improve the BZY transport properties.  
 
 
Figure 1.4 Total conductivities of some well-known proton conductors as a function of inverse 
temperature: BaCe0.9Y0.1O3 (BCO); BaZr0.8Y0.2O3 (BZO); La0.9Sr0.1PO4; Ba3Ca1.18Nb1.82O8.73 (BCN); 
La0.99Ca0.01NbO4; La0.8Ba1.2GaO3.9 (LBGO) [14] 
 
However, it is well known that non-stoichiometry, dopant nature, atmosphere, etc., greatly 
influence defect reaction and transport properties of proton conductors. For instance, for barium cerate 
and barium zirconate, it has been reported that BaO evaporates easily from the surface of sintered 
pellets due to high sintering temperature [72], and some analysis also indicates the possible existence 
of an amorphous Ba-rich phase at grain boundaries [73]. Barium oxide deficiency may result in the 
trivalent ion residing on Ba-site. For instance, SEM analysis of Nd-BaCeO3 solid solutions  indicated  
that  the  solutions  could  be  represented  by  a  general  formula  Ba1-xNdxCe1-yNdyO3-(y-x)/2(    )(y-x)/2 in 
which Nd is partioned on both Ba and Ce sites [74]. The existence of Ba2+-site occupation has also 
been proposed by theoretical calculations for large dopants such as La, Nd and Sm in doped BaCeO3 
[75].                                              (1.4) 
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This reaction consumes oxygen vacancy instead of creating new vacancies, and thus might 
lower the protonic conductivity. 
1.3.2 Mobility of proton defects 
The proton conduction is based on the existence of a proton defect in the oxide that is created 
when the oxide, containing oxygen vacancies, dissociates and absorbs water from a surrounding wet 
atmosphere, see Figure 1.5.  
 
 
Figure 1.5 Formation of proton defect, from the ideal perovskite to the hydrated one [76]: 
I) Perfect lattice, II) Introduction of oxygen vacancies, III) Formation of proton defect 
 
The process can be written according to the following equation [20]:                                                (1.5) 
Currently exist two principal mechanisms well recognized to describe the transport of proton: 
the vehicle mechanism and the Grotthuss mechanism [19, 79, 82, 83]. For the vehicle mechanism, the 
proton moves together with a “vehicle” as a passenger on a larger ion (H3O+ , NH4+ , OH- , et al.). This 
mechanism is mainly observed in aqueous solution, other liquids/metal, and compounds with loose 
bonded small molecules, which is usually restricted to materials with open structures (i.e. channels, 
layers) to allow the passage for the large ions and molecules. The other mechanism is the so-called 
Grotthuss mechanism. This was proposed to explain the high diffusivity of H+ ions in water and 
involves the protons tunneling from one water molecule to the next via hydrogen bonding. This 
mechanism is thought to be at the origin of the high proton mobility in solid acid salts and proton 
conducting oxides. The proton-conduction mechanism between fixed oxygen sites occurs mainly by 
rotational diffusion of a proton around an oxygen ion, followed by proton transfer toward a 
neighbouring oxide ion [77].  
Figure 1.6 shows a scheme for a possible proton-conduction mechanism as it was described by 
E. Traversa et al. [54]. To move from the oxygen ion A to the oxygen ion B, firstly, the bond between 
the cation (red sphere) and the oxygen A should bend. Shortening the bond length between A and B 
reduces the energetic barrier for proton transfer, so that the proton can form a bond with the oxygen 
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atom B (from position 1 to position 2). In this position the proton can move towards another oxygen 
ion likely by means of rotational motion around the oxygen ion B (from 2 to 3) and repeating, then, 
the same processes as described. 
The proton exhibits thermal rotations, stretching vibrations and jumps, and the combination of 
these processes leads to proton transport: 
 the diffusion of the proton set up the hydrogen bond OH-O between two oxide ions; 
 the distance between these oxide ions decreases; 
 the proton transfers toward the adjacent oxygen ion via the stretching vibrations. 
 
 
Figure 1.6 Sketch of a possible proton transfer mechanism from the oxygen ion A to oxygen ion B in 
perovskite oxides [54] 
 
The literature reports contradictory experimental and computational data concerning whether 
transfer or rotation is the rate-determining step. Several experiments [78, 79] and quantum molecular 
dynamics simulations [80, 81] indicated proton transfer reaction to be the rate-limiting step and the 
proton rotational diffusion being the faster reaction with lower activation energy. In contrast, infrared 
spectral analysis suggested proton transfer as the favourite faster reaction step [82]. A more recent re-
analysis [77] of quantum MD simulations, suggested that the two elemental features of the Grotthuss-
type conduction mechanism have similar probabilities to occur. Distortions of the perovskite structure 
can influence the activation energy for proton conduction. In particular, deviations from the ideal 
cubic perovskite structure mainly lead to a larger activation energy [54]. 
1.3.3 Hydration thermodynamics 
Thermodynamic parameters associated with Equation 1.5 are essential to understand the 
protonic behaviour of materials. It gives a description of the ability of the material to hydrate and at 
which temperature this phenomenon occurs. These parameters can be determined either 
experimentally, via thermogravimetry or conduction measurements, or theoretically using ab-initio or 
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semi-empirical calculations. From an experimental point of view, it is easy to correlate the 
thermodynamic parameters of Equation 1.5 to the amount of water incorporated in the material at a 
given temperature (more detailed calculations are given in the last section of this introduction). Then 
thermogravimetric measurements are one the most widely used methods to determine the parameters 
of hydration and Figure 1.7 presents major results compiled by Kreuer [83].  
 
 
Figure 1.7 Hydration isobars of some doped compounds from Kreuer [83] 
 
Hydration thermodynamic parameters are important in that they determine whether at a given 
temperature the material is primarily dominated by oxygen vacancies or protons. The enthalpy of 
hydration (Eq. 1.5) varies considerably, with some apparent correlation to materials properties. Norby 
et al. [84, 85] reported that the enthalpy of hydration for rare earth sesquioxides becomes more 
negative as the oxide gets more stable, i.e., as the enthalpy of formation gets more negative, the stable 
Y2O3, Er2O3 and Yb2O3 thus contain protons up to very high temperatures, while less stable La2O3 
dehydrates even at very moderate temperatures. However, the mobility of protons decreases as their 
stability in the oxide increases, the highest proton conductivity being thus obtained as a compromise in 
the middle of the series, for Gd2O3. In perovskite-related oxides, Kreuer et al. [83] suggested that the 
enthalpy of hydration reaction tends to become more negative with decreasing electronegativity of 
cations interacting with the lattice oxygen, i.e., with decreasing Bronsted basicity of the oxide. Norby 
et al. [84] have developed a correlation between the hydration enthalpy and the difference ∆XB-A in 
electronegativity between the cations populating the B-site and the A-site of the perovskite. A linear 
trend from the enthalpies can be presented roughly as: 
∆ H (kJ/mol) = -173(9) + 370(42) ∆XB-A                  (1.6) 
where ∆XB-A is the difference of Allred-Rochow electronegativities of A and cations. 
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The standard entropies of hydration reaction are usually between -160 J.mol-1K-1 and -80 J.mol-
1K-1. These values are in good agreement with the -188 J.mol-1K-1 expected from the loss of one gas 
molecule per unit reaction. Nevertheless, some perovskites, such as BaCeO3, have large negative 
values (exothermic) of more than -150 J/mol, and they are thus dominated by protons in wet 
atmospheres, and suppose a high temperature to shift the equilibrium to the left. Others, such as 
SrTiO3, have moderate negative entropies and are dominated by protons only at relatively low 
temperatures [86]. 
1.3.4 Isotope effect 
The isotope effect has been investigated in many of the proton-conducting perovskite-structured 
oxides. The proton is an ideal candidate for isotope effect studies because of the 2 : 1 mass ratio of the 
deuteron to the proton. Isotope effects are the changes in the physical or chemical properties resulting 
from isotopic substitution. HTPCs offer several illustrations of such effects, including changes in the 
concentration and ionic mobility of the protons and in the electrode kinetics of hydrogen oxidation.  
Different theories have been developed to understand the mechanism of isotope effect and 
protonic conduction. They have been described in an important paper by Nowick and Vaysley [87]. 
The classical theory is adopted first to describe the isotope effect due to influence of the pre-
exponential term of conductivity. If protons are fully replaced by deuterons, classical theory predicts 
the following relationship between conductivity (u) and mass (m) [88]:  
σ (H+) / σ (D+) ≈ [m (D+) / m (H+)]½ =                               (1.7) 
For an ionic conductor, the conductivity has an Arrhenius form described by:                                     (1.8) 
where A is a pre-exponential term, T is the absolute temperature, k is Boltzmann constant and Ea 
is the activation energy. 
Using the experimental value of the conductivity preexponential term for the H2O-treated 
sample may be calculated from the following formula [88]: 
AH = zλ2q2ω0cH / 6vk                   (1.9) 
where z is the number of directions in which the conductivity jump may occur, λ is the jump 
distance (taken as the oxygen-oxygen separation), q is the charge of the hopping ion, ω0 is the 
frequency factor (taken as the frequency of the OH stretch mode in IR analysis), v is the unit cell 
volume (of the pseudocubic cell) and k is the Boltzmann constant. Classical theory predicts no 
difference in the activation energies of migration for protons and deuterons.  
The semi-classical theory was firstly described by Nowick and Vaysley [87] and recently 
improved by N. Bonanos et al. [89]. This theory modifies the above model by considering the zero-
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point energy of the H/D species in the potential well in which they reside (Figure 1.8). The zero-point 
energies are given by following equations (1.10) and (1.11), in which ȞH and ȞD are vibrational 
frequencies.  
E0,H = 
                       (1.10) 
E0,D = 
                       (1.11) 
The higher vibrational frequency of H results in a higher zero-point energy and, consequently, a 
lower energy barrier. As for the pre-exponentials of the conductivity, these should be higher for 
protons than deuterons by a factor of 1.374 to 1.414, the latter value being usually quoted. 
 
 
Figure 1.8 Semi-classical picture of proton and deuteron in a finite potential well. The different zero-
point energies of the two species results in an activation energy for D+ migration that is higher than 
that for H+ [89] 
The conductivity plots for several materials presented on the Figure 1.9. It shows that they 
differ substantially in conductivity values. In all cases the Arrhenius relation for the conductivity is 
well obeyed, with no breakaway at lower temperatures. Also in all cases ED is greater than EH [87]. 
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Figure 1.9 Isotope effect on ionic conductivity for four different perovskite structured materials. Data 
for samples treated in H2O and D2O are, respectively, shown as circles and triangles [87] 
For the OH-ion in perovskite oxides, the OH stretching frequency vH is close to 1014 s-1 [90], 
and with vD / vH = 1 /   , we obtain ED – EH ≅ 0.055 eV. If the proton is the dominating charge 
carrier, the isotope effect will be clearly observable first from conductivities values, then from 
activation energies. Otherwise it can be concluded that the conductivity mechanism is not protonic. 
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1.4 Objectives 
Families of Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+) and Ba2Y1+xNb1-xO6-δ materials could be an 
interesting alternative to the yttria-stabilized zirconia. Materials whose structure contains tetrahedral 
units, such as Gd3-xMexGaO6-δ, have attracted significant recent interest because of good stability in 
atmospheres containing CO2 and H2O. Concerning the physical properties, this group of materials can 
exhibit interesting luminescent properties. These materials would be potentially good candidates for 
field emission displays (FEDs), and also currently developing technology of the devices (LCD, PDP, 
OLED) transmission of the image. Among many gallate-based phosphors, Gd3GaO6 was recently 
reported as a host material for the rare earth doping. Rare-Earth oxides usually present a strong affinity 
toward water uptake which would makes acceptor-doped RE3GaO6 materials potential proton 
conductors to be used as electrolytes materials. This lack of electronic conductivity, required for 
electrolyte application in SOFC, contributed to the interest in this type of compound.  
On the other hand, it is well known that many perovskite-type oxides show high proton 
conductivity when exposed to wet atmospheres, for example BCN18. It has been recently discovered 
that dopants in the Nb sites can improve proton conductivity without sacrificing the chemical stability. 
Other similar compounds could be of great interest, such as Ba2Y1+xNb1-xO6-δ materials. But the 
information about the structural and electrical properties of them is still not complete and consistent. 
According to the literature, establishing the correct symmetry in perovskites can be problematic. There 
are numerous examples of materials being assigned different symmetries, with Ba2YNbO6 being a 
case in point. The degree of Y–Nb ordering and local symmetry is sensitive to the preparative 
conditions and that low temperature synthetic methods favour highly distorted structures. The aim of 
this work was, firstly, to determine how the structure evolves as Nb is replaced by Y and check the 
possibility of ordering and existence of superstructure. Secondly, to investigate the stability and 
conductivity properties of samples.  
BaZr0.85Y0.15O3-δ (BZY15) appears to be a promising electrolyte, since it was demonstrated 
that this material was a thermodynamically stable material with high chemical stability in 
CO2 containing and humidified atmospheres. H owever, experimental results show obvious 
discrepancies and a very low total conductivity. The results from impedance spectroscopy 
measurements showed that if the grain interior is highly conductive, the grain boundaries are 
highly resistive and limit the overall conductivity. Thus, strategies for improving total grain 
boundary conductivity are required. The development of these materials passes through the 
optimization of their composition, microstructure and understanding of the oxide ion and proton 
conduction mechanism in the structure. It is in this perspective that this thesis is inscribed. Based on 
the foregoing, following thesis organized into six chapters. 
The Chapter 1 briefly presents the fuel cells and particularly SOFC and Proton Conducting 
Fuel Cells (PCFC) and the specifications of the electrolyte material. Also specific of proton 
conduction mechanism and hydration thermodynamics.  
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The Chapter 2 is devoted to the synthesis, instruments and methods for characterization of 
proton conductors. 
In Chapter 3 we will discuss about doped gadolinium gallates Gd3-xMexGaO6-δ (Me = Ca2+, 
Sr2+) synthesized by microwave-assisted citric acid combustion method. The objective of this part is 
the description of the structural and physical properties of a new proton conductors family. Initially, 
the influence of the oxygen stoichiometry and cationic substitutions was studied to identify the 
compositions leading to the best conductivities. Then, the sintering conditions of the materials were 
changed to selected compositions to determine the influence of the microstructure (grain size) on 
properties. A description of the protonic behavior is given as a function of the content of alkaline earth 
metals. Also we will present a stability studies under different conditions. 
Chapter 4 is devoted to the yttium doped barium niobates Ba2Y1+xNb1-xO6-δ prepared by freeze-
drying synthesis. The effects of introducing some oxygen vacancies are presented. Structural and 
microstructural properties characterized by X-Ray diffraction, scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). Conductivity properties are studied under different 
conditions by varying the temperature (T) and pO2. The suitability of these materials under operating 
conditions is presented. 
Chapter 5 provides a set of data i.e. microstructure, crystallography, and conductivity for 
yttrium-doped barium zirconate. The results are compared to the literature values. Optimization of 
sintering of yttrium-doped barium zirconate through ZnO and NiO additions. Characterize the effects 
of the sintering aid on sintering, microstructure and electrical properties. 
Finally, Chapter 6 integrates the results of the studies described in the thesis and presents 
future perspectives. 
Each chapter is written with self-contained data along with discussion of the results. 
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Chapter 2 Experimental Techniques 
 
 
2.1 Introduction 
The following experimental chapter outlines the procedures and techniques used for the 
preparation and characterization of the different materials used for SOFCs: soft chemistry synthesis, 
structural characterization by X-Ray diffraction, scanning electron microscopy (SEM), dilatometry 
and ac impedance spectroscopy. 
2.2 Nanopowders synthesis 
There are several methods to synthesis oxide ceramic nanopowders: solid-solid solid-gas 
processes or solution based reactions. These techniques are a promising alternative comparing with the 
solid-state reactions and have a lot of advantages like high purity powders with fine particle sizes, 
homogeneous materials and low costs of production process [1-3]. For this work, three synthesis 
routes have been used to prepare nanopowders: microwave-assisted citric acid combustion method, 
modified citrate-EDTA complexing method and freeze-drying synthesis. 
 
2.2.1 Microwave-assisted citric acid combustion method  
Microwave-assisted citric acid combustion synthesis (MWCS) is an effective method for the 
fabrication of nanoscale materials. In this process material is directly heated by radiation instead of 
indirect heating by thermal sources leading to higher temperature homogeneity in the reaction mixture. 
Microwave heating can be more advantageous than conventional heating because of short processing 
time and volumetric heating. In this process of heating, microwave radiation interacts with the polar 
molecules possessing dipole moment and makes them reorient through rotation [4].  
As starting materials, we have used commercial nitrates: Me(NO3)2 (Me = Ca2+, Sr2+, SIGMA, 
99,9%), Ga(NO3)3*nH2O and Gd(NO3)3*nH2O (Strem chemicals, 99.9%). Quantities of all precursors 
were calculated according to the Equations 2.1 and 2.2. All nitrates were dissolved in 150 ml of 
deionized water until a transparent solution was obtained. Then, citric acid was added as a chelating 
agent. Solution was heating up under continuous stirring to obtain a viscous gel. After further heating, 
the viscous gel was put into a domestic microwave for 2 h and converted into a brown ash. The 
precursor powders were ground into an agata mortar and calcined at 900  °C for 5 h to obtain a single 
crystalline phase. The experimental process is presented in Figure 2.1.  
                                                                   (2.1) 
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                                                              δ        (2.2) 
 
Figure 2.1 Synthesis process of a microwave-assisted citric acid combustion method 
 
Scanning electron microscopy (SEM) micrographs of Gd3GaO6 powder obtained by MWCS at   
900 °C shows that it consists of small spherical particles of about 100 nm (Figure 2.2). The SEM 
pictures for all Gd3GaO6 - based materials have reflected the same kind of powder morphology. 
 
 
Figure 2.2 SEM picture of Gd3GaO6 powder prepared by microwave-assisted citric acid 
combustion method and calcinated at 900 °C for 5 h 
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Compared to the gel combustion method, the productivity has been effectively improved 
through this citric acid combustion route. Due to a unique complexing agent and the rapid heating rate 
in microwave, the dehydration of solution, swelling and combustion of viscous gel could be 
accomplished in a short reaction time (~ 2 h), without ignition or visible flame. The volume of residual 
precursors of citric acid combustion after microwave step is much smaller than that of gel combustion 
method, which significantly facilitates the following calcination steps by obtaining much larger 
amount of synthesized powders, in spite of limitation on the size of available crucibles [5]. 
 
2.2.2 Modified citrate-EDTA complexing method 
BaZr0.85Y0.15O3-δ (BZY15) was prepared using modified citrate-EDTA complexing method. 
Chelating agents such as citric acid and EDTA play an important role in synthesizing of ceramics 
powder. The combined citrate-EDTA method is particularly useful for synthesizing ultrafine powders 
of complex oxide compositions [6]. It can also eliminate the occurrence of unbound metal cations so 
as to ensure the complexation of all metal cations to give homogenous precursors [7, 8].  
The necessary amounts of nitrates Ba(NO3)2 (Strem chemicals, 99.95%), Y(NO3)3*6H2O (Alfa 
Aesar, 99.9%) and ZrO(NOx)*yH2O (Alfa Aesar, 99.9%) were dissolved in 100 ml of deionized water 
with magnetic stirring until a transparent solution was obtained. Quantities of all precursors were 
calculated according to the Equation 2.3. Then, citric acid and EDTA were added as chelating agents. 
During this process, besides citrates as primary coordinate agent, a suitable amount of EDTA was used 
as a secondary coordinate agent, which has comparatively stronger complexing ability. The 
cooperation of citrate and EDTA would allow to obtain more stable chelate complex [8]. The mole 
ratio of (EDTA acid): (citric acid) : (total metal ions) was controlled around 1.5:1.5:1. Aqueous 
ammonia was then added to the beaker to facilitate the dissolution of EDTA, forming a water-soluble 
ammonium salt. The pH value was adjusted to about 7 by controlling with pH-meter. EDTA-NH3·H2O 
and citrate formed a buffering solution, so the pH value of the system was successfully sustained 
during the whole water-evaporation process. 
Solution was heating up under continuous stirring to obtain a viscous gel. The black porous 
sponge-puffy stuff as the precursor was obtained from the dry gel combustion in the domestic 
microwave. The precursor powders were ground into an agata mortar and calcined at 1000 °C for 5 h 
to obtain a single crystalline phase. The experimental process is presented in Figure 2.3. 
                                                                       (2.3) 
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Figure 2.3 Synthesis process of modified citrate-EDTA complexing method 
 
 
Figure 2.4 SEM picture of morphology BZY15 powder prepared by modified citrate-EDTA 
complexing method and calcinated at 1000 °C for 5h 
 
Typical images of BZY15 powder obtained by scanning electron microscopy (SEM) are shown 
Figure 2.4. The powders calcined at 1000 °C were strongly agglomerated with particles size about       
20-50 nm.  
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2.2.3 Freeze drying synthesis 
Freeze-drying is a particularly interesting technique for powder preparation. This method is 
relatively simple and allows the preparation of high purity powders with carefully controlled 
compositions. It requires only low cost starting chemicals, low energy efficiency in comparison with 
other ordinary drying technologies such as rotary drying, fluid bed drying, spray drying, etc.  In 
addition, the method is easily adaptable to new oxide compositions. The freeze-drying technique 
consists in the preparation of a solution of soluble salts of the desired cations, the spraying and 
freezing of this solution, the drying in a freeze-dryer to sublime water, and calcination to remove 
volatile species [9]. Quantities of all precursors were calculated according to the Equation 2.4. 
Firstly, EDTA (VWR Chemicals) and ammonium hydroxide (20.5%, VWR Chemicals) were 
dissolved in deionised water with stirring. Then stoichiometric quantities of barium acetate 
(C4H6BaO4, 99%, Sigma-Aldrich), yttrium acetate tetrahydrate ((CH3CO2)3Y*4H2O, 99.9%, Alfa 
Aesar) and peroxo-citrato-niobium complex were successively added. Last component was prepared 
according to the previous work [10]. The solution was clear after each addition of the precursors, the 
pH was around 5-6. After that the solution was sprayed in liquid nitrogen (Figure 2.5 (a)). Then, the 
frozen mass was put on a plate in a freeze-dryer (ALPHA 2–4, Christ) under vacuum (0.030 mbar) 
(arrow 2 in Figure 2.5 (b)). By maintaining the temperature of the product at −30 °C for 48 h and the 
vacuum as low as possible, water was removed by sublimation (arrow 3 in Figure 2.5 (b)). At the end 
of the process (arrow 4 in Figure 2.5 (b)), the product was warmed up to 30 °C to get rid of the 
adsorbed H2O. A fluffy powder was obtained. If water had remained in it, the solid would have melted 
when returning to ambient temperature and pressure [11]. The powders were ground and calcinated at 
900°C for 30 min. The samples were ground, pelleted and sintered for 24 hours at 1450 °C.  
                                                               δ              (2.4) 
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Figure 2.5 (a) Schematic of the freeze granulation/freeze drying process;  
(b) Temperature–pressure diagram of water and representation of a freeze-drying cycle by orange 
arrows from 1 to 4  
 
Figure 2.6 exhibits the natural surface of pure Ba2YNbO6. It can be seen that the as-prepared 
powders are agglomerated and essentially consist of some irregularly cubic particles. The average 
particle size is about 50 nm. 
 
 
Figure 2.6 SEM picture of morphology Ba2YNbO6 powder prepared by freeze drying process and 
calcinated at 900 °C for 30 min 
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2.3 Preparation of Ceramics 
Samples were prepared in the form of pellets with a diameter of 8-10 mm with a thickness of 
around 2 mm. Pressing was performed on a manual hydraulic press under a pressure of 2 T.cm-1 and 
then on isostatic press at 750 MPa during 10 min. Sintering temperatures are shown in Table 2.1. In all 
cases  Tsintering was chosen to ensure phase purity, high density and non nanometric grain size.  
 
Table 2.1 Temperature mode for sintering compositions 
Solid solution Gd3GaO6, 
Gd3-xMexGaO6-δ 
BaZr0.85Y0.15O3-δ 
BaZr0.85Y0.15O3-δ 
using ZnO, NiO 
Ba2YNbO6, 
Ba2Y1+xNb1-xO6-δ 
T sintering 1450 °С - 10 h 1600 °С - 24 h 1300 °С - 24 h 1450 °С - 24 h 
 
 
2.4 Chemical and structural characterization 
2.4.1 X-Ray diffraction analysis 
2.4.1.a Routine X-Ray diffraction analysis  
The Xray diffraction analysis was performed in order to control the phase purity and 
homogeneity of the synthesis products. Intensities were obtained at room temperature using Bruker 
Advance D2 diffractometer in СuKα - radiation in the 2θ range 20 ÷ 80 ° with a step size of 0.02 ° and 
exposition time 5 sec per point. To determine the sample composition at the stage of synthesis, we 
used the EVA 2 [27] database. For more specific structural studies in particular for single-phase 
materials, refinement of the crystal structure of a series of compounds was carried out according to the 
X-ray diffraction Rietveld full-profile analysis method [12] using the computer program FullProf [28]. 
From this analysis we could extract information about atom positions and bond lengths.  
 
2.4.1.b High-temperature X-Ray diffraction  
Measurement of the linear thermal expansion coefficient (TEC) of ceramic materials necessary 
to determine the possibility of obtaining a lasting contact is high-temperature electrochemical devices 
(such components are electrolytes, electrodes, sealants, etc.). Measurements were carried out at high 
resolution goniometer associated with a rotating anode (Rigaku RA-HF18) with a power 15kW using 
СuKα radiation in the air condition (Figure 2.7).  2θ range was 20 ÷ 80 ° with a step size of 0.02° and 
exposition time 5 sec per point. Temperature range was 295 – 995 K. Profile matching of the XRD 
pattern was perfomed using FullProf program. 
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Figure 2.7 General view of the rotating anode Rigaku RA-HF18 
 
Isobaric linear coefficient of thermal expansion (TEC) was determined according to the 
equation: 
Pop
p T
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    (2.5), 
from the slope of experimental curves L/L=(T), where p - thermal expansion coefficient, Lo 
- sample cell parameter or volume at room temperature, L - current change of the sample cell 
parameter or volume, T - temperature. 
2.4.2 Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS) 
The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to 
generate a variety of signals at the surface of solid specimens. The signals that derive from electron-
sample interactions reveal information about the sample including external morphology (topography), 
chemical composition, and with special analysis the crystalline structure and orientation of crystallites 
[13]. The microstructure and chemical composition of powders and sintered samples were investigated 
by means of scanning electron microscopy (FEG LEO 1530) in conjunction with EDS (Energy 
Dispersive X-ray Spectroscopy). Powder samples for SEM investigations were mounted on aluminium 
sample holders using a carbon conductive scotch tape and TEM copper grid as shown on the Figure 
2.8. 
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Figure 2.8 Powder and pellet sample preparation (respectively) for the SEM analysis 
 
Sintered samples were previously polished using waterproof silicon carbide paper (#2400 and 
#4000, Struers) and then using cloth with short synthetic nap with diamond paste (1 ȝm and ¼ ȝm, 
DP-Paste P). After polishing samples were thermally etched at the Tthermal etching = (Tsintering – 100 °C) in 
the furnace during 3 hours and then were mounted on aluminium sample holder using a silver 
conductive paste. For a better observation and to avoid sample charging, thin layer of gold was deposit 
using a plasma sputerring device PLASSYS (Figure 2.8). 
2.4.3 Dilatometry analysis 
Dilatometry is a thermoanalytical technique used to measure the expansion or shrinkage of 
solids, powders, pastes and liquids under negligible load when subjected to a controlled 
temperature/time program. A precise understanding of this behavior can provide insight into firing 
processes, the influence of additives and raw materials, densification and sintering properties, reaction 
kinetics, phase transitions, and thermal shock [14]. The working principle of a dilatometer consists in 
applying a constant force to the sample along a controlled  temperature program and in measuring the 
displacement of the pushrod due to resulting contraction or expansion of the sample. As the 
dilatometer components expand under the heating program, a control run is needed to cancel its 
contribution. 
In the present work dilatometry was used to investigate the sintering behaviour of compacted 
powder of Gd3GaO6.  Experimental work was carried on a Netzch dilatometer Dil 420C in 
collaboration with Ecole de Mines Paristech. Before dilatometric studies, samples were isostatically 
pressed into pellets of 6 mm in diameter. The samples were heated in the furnace and length changes 
were measured via a pushrod positioned on the cold part of the dilatometer, see Figure 2.9. 
As an example of thermal scenario would be:  
RT (2 °C/min)  35 °C (120 min)  1570 °C (5 °C/min). 
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Figure 2.9 Schematic diagram of a horizontal dilatometer [15] 
 
Figure 2.10 shows the linear shrinkage rate as a function of temperature. There is no clear on-
set temperature of shrinkage was found. Sintering temperature was between 1128-1166 °C. Particles 
continued to shrink up to 1600 °C, which was the maximum temperature of our heater. 
 
Figure 2.10 Typical dilatometer data for Gd3GaO6 sample 
2.4.4 Transmission electron microscopy (TEM)  
Transmission electron microscopy (TEM) is performed on dense sintered specimen. HRTEM 
and STEM images were recorded using a FEI Cs-corrected Titan microscope of MSSMAT laboratory. 
High Resolution TEM and STEM images were obtained by using a FEI Titan3 Cubed G2 60-300. This 
microscope is equipped with a high brightness source X-FEG Schottky and a Cs probe corrector 
(DCOR). The chemical mapping EDS is acquired with Super-X detector system based on 4 
windowless Silicon Drift Detector (SDD), which enhanced acquisition efficiency and spatial 
resolution. The observations were performed at 200 kV high tension on the nickel or copper TEM 
grids with carbon films (300 mesh). 
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2.5 Conductivity measurements 
2.5.1 Fundamentals of electrochemical impedance method 
This method is based on measuring the impedance of an alternating current circuit in a wide 
range of frequencies. The amount of current flowing through the resistor R by a field U, defined by 
Ohm's law:   = /R         (2.6) 
and does not depend on a frequency of the field. The capacitor blocks the direct current; an 
alternating current passing through it by the following formula:   =iC ,           (2.7) 
 - where the angular frequency, i - imaginary unit. These relations for R and C can be written 
as:   = / Z*(),         (2.8) 
Z * () - impedance of the chain, which includes real and imaginary parts: 
Z*() = ZI - iZII            (2.9) 
When connecting the resistance and capacitance is given by: 
Z*() = R+1/iC = R - i/C      (2.10) 
In parallel connection of R and C are summed reciprocals of ohmic and capacitive impedance.  
And then calculated reciprocal of the impedance - admittance circuit A*. The impedance at the same 
time is as follows: 
Z*() = (А*) - 1= R/[1+(iRC)2] - R(RC/[1+(iRC)2])       (2.11) 
Here three representations which are relevant to this work are introduced [22]. The basic 
representation is the plot of Z' and Z'' against log (f ) (Figure 2.10, a). The arcs (peaks) in the plot of Z'' 
against log(f) reveal the relaxation frequencies fel, fgb and fb.  
The range of frequencies for each process is known and is presented in Table 2.2 from [23]. 
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Table 2.1 Typical capacitance values with their interpretation [23] 
Capacitance F Phenomenon 
10-12 Bulk 
10-11 Second phase 
10-11 - 10-8 Grain boundary 10-4 
10-9 - 10-7 Surface layer 
10-7 - 10-4 Sample-electrode 
interphase 
10-4 Electrochemical 
reactions 
 
Another popular representation is the Nyquist plot which is a plot of Z'' against Z' (Figure 2.10, 
b). In an electrically inhomogeneous sample, which contains several components (bulk, grain 
boundary, electrode etc.), each semicircle corresponds to the grain, grain boundary and electrode 
contributions respectively, which may be represented by a parallel RC element, where R is the 
resistance and C the capacitance. [18-23]. 
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Figure 2.10 Typical representations of impedance spectroscopy:  
(a) Basic one of Z'' against f [22]; (b) Nyquist plot of Z'' against Z' 
 
ZView software [24] was used to fit the acquired impedance data to equivalent circuits 
assuming "block-layered" model sample, see Figure 2.11. Depending on the complex impedance 
plane plot shape, different equivalent circuits were used.  
 
 
Figure 2.11 (a) Brick layer model of polycrystalline sample; (b) Equivalent circuit to model a 
three-process system [22] 
 
Frequently, the experimental data for many systems give complex plane diagrams that form 
circular arcs with center lying below the axis (that is a depressed semicircle). This is the so-called 
dispersing phenomenon. In the case of the dispersing effect, the double-layer capacitance and pseudo-
capacitance involved in electrochemical reactions do not function as pure capacitors, but as constant 
phase elements (CPEs), whose admittance and impedance, respectively, are defined as: 
 
YCPE = Y0(jω)a       (2.12) 
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ZCPE =  
     ω         (2.13) 
Where Yo is the admittance magnitude and a the exponential term, a =1 in a perfect capacitor 
and a = 0 for a pure resistor. Capacitors should be substituted by CPEs in the equivalent  circuits  to  
result  in  a  better  fit  when  the  dispersing  impedance  data  are encountered [25]. 
2.5.2 Experimental details 
The conductivity of the samples was investigated by electrochemical impedance spectroscopy. 
Measurements were performed using ProboStatTM cell and an impedance spectrometer Solartron 1260 
within the frequency range of 1 Hz ÷ 1 MHz at temperatures 200 - 900 °C. Temperature change rate 
was 30 °C / hour for dry atmosphere and 12 °C / hour for wet atmosphere and a stabilization time for 
of 15 – 30 min for each temperature.  
In the Probostat ATM cell [16], the sample is placed on a long support alumina tube as schemed 
in Figure 2.12. The sample is contacted with 2 electrodes made out of platinum. A spring-loaded 
alumina assembly holds the sample and electrodes in place. A thermocouple is used to measure the 
temperature close to the sample position. Electrical connections are made via standard 
multiconnectors, coax cables suitable for standard impedance spectrometer connectors, and standard 
thermocouple compensation cables. Gases can be fed in single or dual chamber mode directly onto 
electrodes. The furnace sets the temperature around the sample. It is a vertical tubular furnace, which 
covers the closed outer tube of the Probostat ATM. The sample position is located in the centre of the 
hot zone of the oven [17]. For the electrical conductivity measurements both sides of sintered pellet 
were coated with platinum paste (Pt ink 6082, Metalor Technologies UK Lt) and gold paste (Gold M-
0034, Metalor Technologies UK Lt) and fired at 900 °C and 850 °C respectively for 2 hours in the air. 
 
   
Figure 2.12 ProboStatTM cell and scheme of the specimen placed in it (figure reproduced from 
www.norecs.com) 
Chapter 2 Experimental Techniques 
- 44 - 
 
Calculation of conductivity values was performed according to the formula: 
               (2.14) 
where  - total electrical conductivity (Ohm-1cm-1); h - height of sample (cm); S - square 
surface sample (cm2); R - resistance of the sample (Ohm).  
 
2.5.3 Controlling of the atmosphere 
2.5.3.a Controlling of oxygen partial pressure  
Equipment for measuring the electrical conductivity allows the measurement in the range of 
oxygen partial pressures 0.21 - 10-20 atm. Oxygen partial pressure was differently controlled depending 
on the desired oxygen partial pressure: above 1000 ppm, mixtures of argon, air and oxygen were used. 
Between 1 ppm and 1000 ppm, the oxygen partial pressure was monitored using a Zirox SGM5 EL 
[26], which combines an electrolysis cell with a potentiometric measuring cell. The scheme of the 
device is presented Figure 2.13. 
 
 
Figure 2.13 Electrolysis and analysis cell [26] 
 
For low oxygen partial pressure, we used a mixture of pure argon and argon (95 %)/ hydrogen 
(5 %). Then the oxygen partial pressure is determined using the high temperature equilibrium between 
H2, O2 and H2O (http://navier.engr.colostate.edu/tools/equil.html). 
2.5.3.b The humidity controlling 
Conductivity was performed by varying humidity of atmosphere. 
The partial pressure of water vapor set as follows: 
- Dry atmosphere (pH2O = 10-5 atm): circulation of air passed through the ultra-high capacity 
moisture filter cartridges (Restek Super Clean); 
- Humid atmosphere (pH2O = 2.4 ∙ 10-2 atm.): gasflow bubbling through room temperature H2O.


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Chapter 3 Synthesis, structure and electrical 
properties of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) 
 
3.1 Introduction 
During the last decades intensive search for materials in the field of SOFC has led to the 
discovery of several new classes of materials with excellent ion conducting properties. Several 
conventional materials with good ionic conductivity are known and some are already in practical use, 
such as yttria-stabilized zirconia (YSZ) and cerium dioxide, CeO2. However, several drawbacks, such 
as high operating temperatures, partial electronic conductivity and/or poor chemical stability, still limit 
their widespread applications. These issues have motivated researchers in the solid-state ionics 
community to develop new materials with improved properties.  
Well-known groups of solid state ionic conductors include perovskite and fluorite structures.  
For example, yttria-stabilized zirconia (YSZ) has a stable ionic conductivity in a large range of oxygen 
partial pressure and its electronic conductivities negligible with respect to the ionic one. However, 
zirconia has some disadvantages: at operating conditions of about 1000 °C, a degradation of zirconia’s 
ionic conductivity is observed after less than 1000 h [1]. Another potential candidate is cerium 
dioxide, CeO2. It has a fluorite structure and presents higher oxygen-ion conductivity. Doped ceria is 
also chemically stable towards potential electrode materials. Its transport properties can be improved 
by doping with rare earth cations that will reach a maximum between 10 % and 20 % of dopant on Ce 
site depending on the dopant’s ionic radius [2-4]. These materials have, however, drawbacks related to 
the low stability of the cerium ion that changes its valence from Ce4+ to Ce3+ in reducing atmospheres 
becoming mixed conductors which can lead to the short-circuit of the cell. Such problem can be 
overcome by reducing the operating temperature of the system to < 550 °C [5]. This has triggered a 
huge amount of research aimed not only at improving the efficiency but also at understanding 
phenomena on a fundamental level by experimental and theoretical methods.  
Recently another class of oxides has been reported whose structure contains tetrahedral units, 
for example, apatites [6-8], rare-earth ortho-tantalates and ortho-niobates [9], lanthanium barium 
gallates La1-xBa1+xGaO4-x/2 [10-11] and lanthanide monogallates Ln3GaO6 [12]. The alternative 
structures exhibit defect association and migration that may vary from conventional types. LaMO4 (M 
=  P, Nb, and Ta) and LaBaGaO4 materials have attracted significant recent interest because of high 
temperature proton conductivity. Increasing the barium over lanthanum ratio in LaBaGaO4 results in 
oxygen vacancies, and, as with the perovskite systems, protons are incorporated via water dissociation. 
Thus, significant proton conductivity (~ 10-4 S.cm-1 at 600 °C) has been reported in La0.8Ba1.2GaO3.9 
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[10]. A detailed understanding of the atomic-scale ionic and protonic conduction process is needed for 
optimization and development of new materials [13]. E. Kendrick et al. [39, 40] were the first ones 
who clarified the atomic scale oxygen conduction mechanism in one of these systems using a 
combination of experimental and computational modelling methods. Figure 3.1.1 shows the structure 
of LaBaGaO4, which contains gallium in a distorted tetrahedral environment and ordered alternating 
layers of lanthanum and barium. The gallate tetrahedra are identified as isolated moieties within the 
lattice. It was shown that both methods successfully reproduced the distorted nature of the GaO4 
tetrahedron, where the O–Ga–O bond angles have values between 98° and 132°. The defect properties 
of this material were then investigated, enabling detailed analysis of the oxygen vacancy defects and 
oxygen diffusion pathways, as well as proton incorporation and migration [40]. 
 
 
Figure 3.1.1 Crystal structure of LaBaGaO4 [40] 
 
Upon removal of an oxygen from a GaO4 unit, rather than producing a three-coordinate Ga unit, 
considerable relaxation of a neighbouring GaO4 unit takes place. A Ga2O7 group is formed, such that 
each Ga retains a tetrahedral coordination, sharing one apical oxygen between two tetrahedral (Figure 
3.1.2 (a) and (b)). This creation of Ga2O7 units therefore means that even with the introduction of 
oxygen vacancies, all the Ga sites maintain their tetrahedral coordination. Thereby, based on recent 
studies proton conductors containing tetrahedral units [39, 42, 43] we may suggest that oxide ion 
vacancies are accommodated by the creation of Me2O7 units.  
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Figure 3.1.2 (a) Local structure around an oxide-ion vacancy defect in the LaBaGaO4 system; 
(b) Oxygen vacancy migration pathway in La1-xBa1+xGaO4-x/2 [39] 
 
In order to investigate the location of protons in La1−xBa1+xGaO4−x/2, the group of P. Slater [40] 
performed atomistic (potential-based) and DFT calculations. Both techniques gave similar energies for 
proton defects at every oxygen position, indicating a range of possible proton sites (given in Table 
3.1). Proton conduction appears at low temperatures and water incorporation leads to the break-up of 
the Ga2O7 according to the Equation 3.1: 
Ga2O7-8 + H2O → 2GaO4H4-     (3.1) 
 
Table 3.1 Activation energies for proton migration around a GaO4 unit (intra-tetrahedron) and 
between two adjacent GaO4 tetrahedra (inter-tetrahedra) determined from DFT calculations [40] 
 Ea, eV 
Intra-tetrahedron 
O1 to O3 
O2 to O4 
O4 to O1 
O4 to O2 
 
0.75 
0.68 
0.55 
0.45 
Inter-tetrahedra 
O1 to O2 
O3 to O3 
 
0.07 
0.07 
 
As it shown at the Figure 3.1.3 (a) and (b) the proton follows a curved path between two intra-
tetrahedral oxide ions probably owing to repulsive interactions with adjacent large cations. There is 
also significant local ion movement with the O–O separation contracting to about 2.5 Å to facilitate 
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the proton transfer process. In contrast to the oxide-ion conduction mechanism, which seems to be 
dominated by correlated diffusion along the direction defined by the Ga2O7 units, proton conduction is 
expected to be isotropic, with the H-bonding-mediated transfer of protons between GaO4 units within 
a layer and between layers being equally favorable [40]. 
 
  
Figure 3.1.3 (a) Calculated relaxed configuration of a proton from static lattice simulations;  
(b) Proton migration pathway around a GaO4 tetrahedron from DFT calculations [40].  
 
Based on the foregoing similar mechanisms of oxide-ion and proton transport can be possibly 
applied for another systems containing tetrahedral moieties. Nevertheless the foregoing further work is 
required to investigate there new class of materials.  
3.2 Phase equilibrium in Ln2O3 – Ga2O3 binary systems 
Firstly the equilibrium phase diagrams of Gd2O3 – Ga2O3 and Sm2O3 – Ga2O3 were reported by 
S.J. Schneider et al. in 1961 [14] and then by J. Nicolas et al. in 1984 [15]. Figure 3.2.1 shows that 
exist at least four different compounds Ln3Ga5O12, Ln4Ga2O9, LnGaO3 and Ln3GaO6.  
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Figure 3.2.1 Gd2O3 – Ga2O3 phase diagram [15] 
Single crystals of gallium garnet Ln3Ga5O12 has a space group cubic Ia-3d [16]. As reported in 
[17-19], garnets are used as substrate material for yttrium iron garnets (YIG) ﬁlm. The monoclinic 
phase of  Ln4Ga2O9  (Ln=La, Nd, Sm, Eu and Gd) are isostructural with Eu4Al2O9[20]. The Gd4Ga2O9 
is  stable  only  at  high  temperature (T >1490 °C) and melts incongruently, whereas Sm4Ga2O9 is 
synthesized above 1200 °C [15]. Ln3Ga5O12 was found in most of the Ln–Ga oxides pseudo-binary 
system, while LnGaO3 compounds were reported only in Ln=La, Ce, Pr, Nd, with distorted perovskite 
structure. Nicolas et al. [15] reported that short melting  and overheating of the melt using the laser 
device yield pure SmGaO3 and GdGaO3 isostructural with GdFeO3 (Pbnm). According to the phase 
diagrams of Sm2O3–Ga2O3 and Gd2O3–Ga2O3, Sm3GaO6 and Gd3GaO6 have non-congruent melting 
points at 2018 K and 2033 K, respectively, and melt to Ln2O3 and liquid. Previously, three phases in 
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Ln3GaO6 group (Ln = Nd, Sm, Gd) were reported by S.J. Schneider et al. [14]  and Carruthers et al. 
[21]. Several years ago F.S. Liu et al. [12] presented a systematical study of Ln3GaO6. The compounds 
of Ln3GaO6 (Ln = Nd, Sm, Gd, Tb, Dy, Ho and Er) were prepared by solid state reaction method. 
These phases were assigned with the orthorhombic unit cell with space group Cmc21. The XRD 
confirmed that all compositions are iso-structural with Gd3GaO6. Figure 3.2.2 represents a typical 
structure for this group. For the Ln3GaO6 phase, Ln atoms located are on two different asymmetrical 
sites of sevenfold coordination LnO7. Ga atoms are in distorted oxygen tetrahedral which are 
elongated along the c axis. The Ga–O bond lengths are in the range 1.83-1.89 Å and the average 
length of 1.85 Å is equal to the Ga–O bond length for the GaO4 tetrahedron in the structure of 
Gd3Ga5O12 [22-23]. 
 
 
Figure 3.2.2 The structure of Ln3GaO6 showing GaO4 tetrahedra [12] 
 
For the rare earth elements with ionic radius larger than that of Nd or smaller that of Er, an 
Ln3GaO6 cannot form. The unit cell parameters for all compositions are listed in Table 3.2. The 
parameters a, b and c increases linearly with the size of the rare earth in accordance with a decrease of 
the covalently Ln-O bonds. J.K. Liang et al. [12] have also shown that the average distances Ln-O 
bonds are particularly sensitive to the size of the rare earth. They increase with the radius of Ln3+ and 
reach a maximum value if Ln = Nd.  
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Table 3.2 Unit cell parameters of Ln3GaO6 [24] 
Compound a, Å b, Å c, Å Volume, Å3 Ref. 
Nd3GaO6 9.1820(1) 11.5396(1) 5.5748(1) 590.690(4) [12] 
Sm3GaO6 9.0743(1) 11.4070(1) 5.5181(1) 571.183(3) [12] 
Eu3GaO6 9.0264(3) 11.3385(3) 5.4941(2) 562.297(1) [24] 
Gd3GaO6 8.9111(1) 11.2801(1) 5.4796(1) 555.746(4) [12] 
Tb3GaO6 8.9332(6) 11.2122(7) 5.4432(3) 545.189(3) [24] 
Dy3GaO6 8.8848(3) 11.1474(4) 5.4206(2) 536.863(2) [24] 
Ho3GaO6 8.8410(3) 11.0882(4) 5.4011(2) 529.475(2) [24] 
Er3GaO6 8.8002(4) 11.0320(5) 5.3796(3) 522.273(3) [24] 
 
Concerning the physical properties, this group of materials can exhibit interesting luminescent 
properties. These materials would be potentially good candidates for field emission displays (FEDs), 
and also currently developing technology of the devices (LCD, PDP, OLED) transmission of the 
image. Among many gallate-based phosphors, Gd3GaO6 was recently reported as a host material for 
the rare earth doping, because it’s proper low voltage cathodoluminescence is imperative for 
improving the performance of field emission display [12, 24-27]. But despite this, we have not found 
many relevant information about the electrical properties of these materials. The electrical resistance 
of these rare earth monogallates, as measured by the standard four-point technique, present values 
above 200 MΩ.cm [12]. This characterizes these compound as insulating materials. This lack of 
electronic conductivity, required for electrolyte application in SOFC, contributed to the interest in this 
type of compound. Acceptor-doped Nd3GaO6 compounds have been presented recently as good 
oxygen ion conductors in spite of very low doping levels [28]. Rare-Earth oxides usually present a 
strong affinity toward water uptake which would makes acceptor-doped RE3GaO6 materials potential 
proton conductors to be used as electrolytes materials. As it can be seen on Figure 3.2.3 (a) and (b) 
that the creation of a small rate of oxygen vacancies in the Nd3GaO6 structure, concomitant with 
substitutions of Ca2+ and Sr2+ for Nd3+, induces a significant increase of the anionic conductivity which 
reaches 6×10-3 and 7×10-3 S.cm-1, at 800 °C, for Nd2.91Ca0.09GaO5.955 and Nd2.955Sr0.045GaO5.9775, 
respectively. These values are comparable with already known oxygen-ion conductors, for instance 
2×10-3 S.cm-1 at 800 °C for 10 mol % YSZ [47-48]. Activation energies for these Ca and Sr substituted 
compounds, 0.97 and 1.06 eV, respectively, are, as expected, rather close to those of other Nd3GaO6 -
based materials [28].  
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Figure 3.2.3 Arrhenius plots for: (a) Nd3O2GaO4 and Nd3Ga0.97M0.03O5.985 (M = Zn2+, Mg2+) and (b) 
Nd3O2GaO4, Nd2.91Ca0.09GaO5.955 and Nd2.955Sr0.045GaO5.9775 [28] 
3.3 Objectives of the study 
In connection with the foregoing, the objectives of this chapter are:  
- Synthesis of solid solutions Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) by modified sol-gel combustion 
method and characterization of their crystal structure; 
- The study of the transport properties in the range of temperatures 300 – 900 °C, in different 
atmospheres with different oxygen partial pressures; 
- Investigation of these phases on a possibly proton transfer; 
- Examine its stability under operating conditions. 
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3.4 Structural properties of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) compounds 
3.4.1 Structural analysis of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) powders 
In general, rare-earth monogallates are synthesized by the solid-state reaction at high 
temperature. However, this method requires a long processing time, a high processing temperature, 
repeated milling and washing with chemicals. All the powders of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) 
have been synthesized by a microwave-assisted citric acid combustion method as described in the 
Chapter 2. The citrate/nitrate ratio was chosen equal to 1 which provided a suited morphology of the 
powder.  
Firstly we synthesized the pure Gd3GaO6 compound, which was used as a basis for the 
formation of solid solutions. Synthesis of the sample was performed according to the modified 
combustion method. The sample was calcinated in ambient atmosphere at 900 °C for 5 h. XRD 
diagram could be indexed in non-centrosymmetric orthorhombic structure with lattice parameters a = 
8.9891(2) Å, b = 11.2804(3) Å, c = 5.4753(1) Å, α = ȕ = Ȗ = 90° (space group Cmc21). The lattice 
parameters of Gd3GaO6 determined in the present work agree well with the former reported data [12, 
15]. The as-synthesized white powders of Gd3-xMexGaO6-δ were characterized by X-Ray diffraction. 
All samples of Gd3-xMexGaO6-δ were calcinated at 900 °C for 5 h in ambient atmosphere. Data were 
collected over the angular range from 20° to 80° with step of  0.02°.  Figure 3.3.1 shows an evolution 
of the XRD patterns of  solid solutions with increasing content of Ca and Sr. All the compositions in 
the range 0 ≤ x ≤ 0.10 have a single phase and are isostructural with pure Gd3GaO6 (non-
centrosymmetric orthorhombic structure, space group Cmc21). For the compositions with x > 0.10, we 
noticed the presence of Gd2O3 impurity phase. These samples have not been investigated further.  
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Figure 3.3.1 X-Ray diffraction pattern of (a) Gd3-x CaxGaO6-δ and (b) Gd3-x SrxGaO6-δ powders 
calcined at 900 °C for 5 h  
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3.4.2 High temperature X-Ray diffraction and thermal expansion coefficient 
Thermal expansion coefficient (TEC) is an important property of ceramics materials when they 
are used under conditions of thermal stress and its combination with other materials. Since ceramics 
are polycrystalline materials, even if the thermal expansion of the constitutive crystal is anisotropic, 
the materials as a whole will exhibit an averaged isotropic expansion. In such a case, the average 
linear expansion coefficient for the polycrystalline substance will be one-third of the coefficient of 
volume expansion of the constituent crystal [29].  X-Ray diffraction experiments were performed on 
the powders in air from 295 K to 995 K, see Figure 3.3.2. Profile matching of the XRD pattern was 
performed using Fullprof suite program using LeBail fitting. Atomic positions were thus not refined. 
The indexations of the peaks are always done considering a structure with space group Cmc21. The 
evolution of the cell parameters with temperature is presented in Figure 3.3.3. It shows that even at 
high temperature doped Gd3GaO6 compounds do not present any structural transition. Thermal 
expansion coefficients for Ca and Sr-doped samples are shown in the Table 3.3.1. The results show 
no evidence for TEC evolution with dopant nature and content. 
 
 
Figure 3.3.2 X-Ray diffraction of Gd2.9Sr0.1GaO6-δ at different temperatures 
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Figure 3.3.3 Unit cell volume of Gd3-xSrxGaO6-δ (a) and Gd3-xCaxGaO6-δ (b) at different temperatures 
 
Table 3.3.1 Linear thermal expansion coefficient of Gd3-xCaxGaO6-δ and Gd3-xSrxGaO6-δ sintered at 
1450 °C for 10 h 
Me dopant content, 
%  
TEC, K-1  
Gd3-xCaxGaO6-δ 
TEC, K-1  
Gd3-xSrxGaO6-δ 
Temperature range, K  
0 9.79E-6 (±0.01) 9.79E-6 (±0.01) 295 - 995 
2 9.87E-6 (±0.01) 8.62E-6 (±0.01) 295 – 995 (*) 
4 9.74E-6 (±0.01) 9.83E-6 (±0.01) 295 - 995 
10 9.38E-6 (±0.01) 9.23E-6 (±0.01) 295 - 995 
* 295-895K for Gd3-xCaGaO6-δ 
From the literature data, we can notice that these values are close to those of typical electrolytes 
(10.9*10-6 K-1 for 8YSZ, 12.5*10-6K-1 for CGO and 10.4*10-6 K-1 for LSGM [30]). The values 
reported in this work are thus in the usual range for fuel cell applications and comparable with typical 
electrolyte values.  
3.4.3 Structural analysis of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) sintered pellets 
The cell parameters, volume and relative densities of sintered compounds depends on quantity 
of dopant as shown in Table 3.3.2 (a) and (b). As we could see the partial substitution of Gd3+ for Ca2+ 
or Sr2+ improves the sinterability of Gd3GaO6, which could be explained by that fact that ionic radius 
of dopant closer to Gd are favourable to sintering.  
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Table 3.3.2 Cell parameters, volume and relative densities of compounds sintered at 1450 °C for 10 h: 
(a) Gd3-xCaxGaO6-δ 
 
 
x (Ca) 
 
 
a, Å 
 
 
b, Å 
 
 
c, Å 
 
Unit cell 
volume, Å3 
 
 
Space group 
 
Relative 
density, 
% 
0 8.9903(2) 11.2816(3) 5.4761(1) 555.411 Cmc21 83 
0.01 8.9885(1) 11.2793(2) 5.4761(1) 555.182 Cmc21 70  
0.02 8.9894(1) 11.2815(1) 5.4751(3) 555.261 Cmc21 90  
0.03 8.9896(3) 11.2797(2) 5.4771(1) 555.367 Cmc21 91  
0.04 8.9905(2)   11.2786(4) 5.4781(1) 555.480 Cmc21 93  
0.05 8.9908(1)   11.2779(3) 5.4787(2) 555.525 Cmc21 94  
0.1 8.9911(2)    11.2788(1) 5.4791(1) 555.618 Cmc21 94 
 
(b) Gd3-xSrxGaO6-δ 
 
 
x (Sr) 
 
 
a, Å 
 
 
b, Å 
 
 
c, Å 
 
Unit cell 
volume, Å3 
 
Space group 
 
Relative 
density, 
% 
0 8.9903(2) 11.2816(3) 5.4761(1) 555.411 Cmc21 83 
0.01 8.9908(3) 11.2798(4) 5.4771(1) 555.459 Cmc21 85 
0.02 8.9922(2) 11.2825(3) 5.4788(1) 555.846 Cmc21 88 
0.03 8.9930(2) 11.2832(2) 5.4777(1) 555.826 Cmc21 91 
0.04 8.9941(2) 11.2827(3) 5.4799(1) 556.090 Cmc21 92  
0.05 8.9956(2) 11.2836(2) 5.4803(2) 556.267 Cmc21 92 
0.1 8.9973(1)   11.2855(2)    5.4815(2)    556.581 Cmc21 96 
 
The lattice parameter evolution as a function of dopant concentration is presented in Figure 
3.3.4. As can be seen, the parameter b changed nonlineary, while the parameters a, c and the cell 
volume increases slightly with increasing dopant concentration. Hereinafter interval of measurement 
error included in the diameter of plotted points and therefore cannot be specified. From a simple 
consideration of ionic radii (rVII (Ca2+) =1.06 Å and rVII (Sr2+) =1.21 Å), the Sr-doped samples would 
be expected to have bigger lattice parameters and cell volume compared to Ca-doped samples.  
 
Chapter 3 Synthesis, structure and electrical properties of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) 
 
- 59 - 
 
   
Figure 3.3.4 Evolution of cell parameters and volume as a function of dopant content of  
Gd3-xMexGaO6-δ compounds 
 
In order to obtain more detailed structural information, Rietveld refinement has been applied to 
analyze all XRD data. Figure 3.3.5 presents a typical fit for pure Gd3GaO6 and Gd2.97Sr0.03GaO5.985. In 
the pictures red dots and solid black lines corresponded with experimental data and calculated curve, 
respectively, while the blue solid lines being their difference in the bottoms. The blue vertical bars 
indicate the Bragg angle positions corresponding to the structure. Refined atomic coordinates and 
agreement factors are given in Table 3.3.3 for Gd2.97Sr0.03GaO5.985. The lengths of characteristic bonds 
are summarized in Table 3.3.4. In the present simulation, oxygen content was set to 5.985 for the 
formula unit, when vacancies an equally spread on all oxygen atoms. 
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(a) Gd3GaO6 : RBragg =  1.28, Rf = 1.33, Rp = 9.04, Rwp = 10.8 
 
 
(b) Gd2.97Sr0.03GaO5.985 : RBragg =  2.58, Rf = 2.37, Rp = 9.88, Rwp = 9.2 
Figure 3.3.5 Diagram of XRD powder diffraction data for (a) Gd3GaO6 and (b) Gd2.97Sr0.03GaO5.985 
refined by Rietveld method. Reliability factors are listed below each pattern 
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Table 3.3.3 Structural parameters and reliability factors for the Rielveld refinement of 
Gd2.97Sr0.03GaO5.985 
x = 0.03 Gd2.97Sr0.03GaO5.985 
Cell parameters 
Space group 
a = 8.9930(2) Å, b = 11.2832(2) Å, c = 5.4777(1) Å 
Cmc21 
Atom Wyck x, y ,z positions 
Gd(1) 
Occupation of site 
 
8b x = 0.19429 , y = 0.11044, z = 0.46084 
Gd = 97%, Sr = 3% 
Gd(2) 4a x = 0, y = 0.39376, z = 0.42089 
Ga 4a x = 0, y = 0.20005, z = 0 
O(1) 8b x = 0.08718, y = 0.12838, z = 0 
O(2) 8b x = 0.33372, y = 0.42151, z = 0 
O(3) 4a x = 0, y = 0.02731, z = 0.22782 
O(4) 4a x = 0, y = 0.22992, z = 0.65631 
RBragg, Rf RBragg =  2.58, Rf = 2.37 
 
 
Table 3.3.4 Interatomic distancies (Å) of Gd to O after the Rietveld refinements for the 
Gd2.97Sr0.03GaO5.985 compound 
Gd(1)-O(1) 2.7095 2.7688 
Gd(1)-O(2) 2.3286 2.3133 
Gd(1)-O(3) 2.7079 2.7576 
Gd(1)-O(4) 2.5523 2.6850 
Gd(2)-O(1) 2.8589 2.7449 
Gd(2)-O(2) 2.4967 2.5784 
Gd(2)-O(4) 2.5536  
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Figure 3.3.6 View of the structure Gd3GaO6 in the directions (a) [001] and (b) [100] showing GaO4 
tetrahedra, Gd and O atoms (small red circles) 
Figure 3.3.6 represents a view of the structure Gd3GaO6 in the different directions. As starting 
model for the refinement of the structure, was used a structural information given by Liu et al [12]. 
There are four formula units per unit cell, i.e., the unit cell contains 12Gd + 4Ga + 24O. The ions Gd, 
Ga and oxygens occupy 8(b) + 4(a), 4(a) and two 8(b) + two 4(a) sites respectively. Because all of the 
z coordinates of atoms are variable, so we ﬁx the z coordinate of Ga to zero. There are two sites of 
seven-fold coordination for Gd atoms with oxygens (Wyckoff position 8b for Gd1 and 4a for Gd2). 
Ga atoms are in oxygen tetrathedra which are distorted and elongated along c-axis. The average 
lengths of the Ga–O bonds are in the range 1.78–1.85 Å. Oxygen atoms on O(2) site coordinate only 
to Gd atoms, and the Gd–O distance for the combination of atoms Gd(1)–O(2) is 2.32 Å. 
3.4.4 Microstructural analysis of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) sintered pellets  
The powder after synthesis was ground in an agate mortar and then pressed in the form of pellet 
of 10 mm in diameter under a pressure of 750 MPa. The sintering was performed under air at a 
temperature of 1450 °C for 10 hours, with heatting speed 200 °C/ h. Sintering temperature was higher 
than previously reported in [28]. But at higher heating temperature, we could be able to increase the 
grain size and as a consequence increase the conductivity values. Figure 3.3.7 presents a color change 
of the samples for the series of Sr-doped Gd3GaO6 samples. For the series of Ca-doped Gd3GaO6 
samples, we did not observe any change in color.  
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Figure 3.3.7 The color change of the Gd3-xSrxGaO6-δ samples depends on the dopant 
concentration 
 
The morphology of the surface of the sintered samples was investigated using scanning electron 
microscopy (SEM). Figure 3.3.8, Figure 3.3.9, Figure 3.3.10 show typical micrographs for pellet 
surface and particle size distribution of Gd3GaO6 and Gd3-xMexGaO6-δ. As can be seen the doped 
samples consist of small and large grains with clean grain area and a size of about 300  nm and 4-5 µm 
respectively. Grain size changes slightly with quantity of dopant. In the case of pure Gd3GaO6, the 
grain size is more inconstant with small crystallites. 
 
  
 
Figure 3.3.8 SEM pictures of a fracture surface of a dense pellet of Gd3GaO6 compound sintered  
1450 °C for 10 h and particle size distribution 
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Figure 3.3.9 SEM pictures and particle size distribution of Gd3-xCaxGaO6-δ compounds sintered at 
1450 °C for 10 h: a, b, c, d represent fracture surface of Ca-doped samples (2, 3, 4, 5% of doping 
respectively) 
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Figure 3.3.10 SEM pictures and particle size distribution of Gd3-xSrxGaO6-δ compounds sintered at 
1450 °C for 10 h: a, b, c, d represent fracture surface of Sr-doped samples (2, 3, 4, 5% of doping 
respectively) 
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To determine the homogeneity of chemical composition several pictures were taken in 
secondary electrons, and the corresponding X-Ray line profile of the sample. For all samples with low 
substitution rates (x < 0.05), EDX is not a sufficiently sensitive analytical technique for quantifying 
the content of dopant. Figure 3.3.11 shows an image of the surface of the pellet surface of 
Gd2.9Ca0.1GaO6-δ. To obtain the dependence of the intensity of the characteristic X-ray lines of Gd, Ca, 
Ga, O, an EDX aquisition was carried out by scanning the sample surface. Despite the fact that the 
quantification of the elements is poor, the presence of Ca could be clearly seen by EDX. Figure 3.3.12 
indicates the distribution of Ga, Gd, Ca and O (K, L-lines) in the sample’s volume. The color scale 
corresponds to the content element at a given point in the surface at. %. It can be seen a uniform 
distribution of all components in the polycrystalline sample. The EDX study was conducted and there 
was no evidence of segregation of elements. 
 
 
 
Figure 3.3.11 Energy-dispersive analysis of pellet surface of Gd2.9Ca0.1GaO6-δ and characteristic shape 
of the spectrum 
 
 
 
 
 
 
Chapter 3 Synthesis, structure and electrical properties of Gd3-xMexGaO6-δ (Me=Ca2+, Sr2+) 
 
- 67 - 
 
 
Figure 3.3.12 Distribution of Ga, Gd, Ca and O (K, L-lines) in the sample’s volume 
 
3.4.5 Chemical stability 
One of the important characteristics of ceramic materials for SOFC electrolyte applications is 
their phase stability in both oxidizing and reducing conditions.  Below we present some stability tests 
on Gd3GaO6 and Gd3-xSrxGaO6-δ compounds put under severe conditions such as boiling water, wet 
CO2 and Ar + 5% H2. Despite the fact that boiling water is not a usual environment for an electrolyte, 
this test was successfully used in the case of barium cerates [31, 32, 33]. Such type of treatment is 
very fast and valuable to test the stability of materials in humid atmosphere. Oxygen vacancies in 
protonic materials can be filled by water molecules according to Equation (3.2).                                   (3.2) 
X. Guo in [34] well described an incorporation of water molecules into the structure by filling 
oxygen vacancies, which leads to the formation of proton defects. The steps are following: 1) chemical 
absorption of H2O on the material surface, 2) reaction of H2O with O2- on the material surface to form 
hydroxyl ions OH-, 3) penetration of OH- into the inner part by grain boundary diffusion, 4) filling of 
oxygen vacancies by OH- ions, and therefore the formation of proton defects. When water is boiling, 
her transport through the porous layer is expected to be much faster than the transport of oxygen ions 
and proton defect through the lattice [35]. Figure 3.3.13 shows XRD patterns of powders of Gd3GaO6 
and Gd3-xSrxGaO6-δ after a treatment in boiling water for 10 h. From X-Ray diffraction, we did not find 
any change in the composition nor change in the structure of tested compounds.  
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Figure 3.3.13 XRD patterns of powders of Gd3GaO6 (a) and Gd3-xSrxGaO6-δ (b) in boiling water  
for 10 h 
 
Pellets of all compositions were treated thermally at 600 °C for 50 h under wet 5% H2/Ar and 
600 °C for 50 h under wet CO2. The X-ray diffraction patterns are shown in Figure 3.3.14 and Figure 
3.3.15, respectively. No extra-phases, phase or color changes were observed on these diffractograms. 
 
      
Figure 3.3.14 XRD patterns of pellet surface of (a) Gd2.95Sr0.05GaO6-δ and (b) Gd2.9Sr0.1GaO6-δ in wet 
CO2 at 600 °C for 50 h 
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Figure 3.3.15 XRD patterns of pellet surface of (a) Gd2.95Sr0.05GaO6-δ and (b) Gd2.9Sr0.1GaO6-δ in wet 
Ar+H2 at 600 °C for 50 h 
3.5 Transport and hydration properties 
This section presents the results of the study of the electrical properties of the Gd3-xMexGaO6-δ  
(Me = Ca2+, Sr2+)
 
phases by varying environmental parameters (T, pO2). 
 
3.5.1 Impedance spectra of Gd3-xMexGaO6-δ  (Me = Ca2+, Sr2+) 
Figure 3.4.1 shows the typical impedance plots of Gd3-xCaxGaO6-δ in atmospheres of different 
humidity levels at different temperatures. It shows that over the temperature range 300 °C – 800 °C, 
up to 3 contributions can be identified. Below 500 °C, one contribution appears at high frequencies 
which is thought to correspond to bulk and a second one at low frequencies which could be attributed 
to grain boundary. By increasing the temperature from 500 °C to 800 °C, the first contribution cannot 
be seen anymore.  At 600 °C, a third contribution starts to appear at the low frequency end. The 
modeling of the impedance spectra was done by using ZView software. It gives access to the precise 
values of conductivity for the different contributions. The overall equivalent circuit used in the present 
work to model the behavior of the bulk and the grain boundaries. Over the temperature range 300 °C – 
500 °C it corresponds to two RC circuits (a parallel arrangement of resistor and capacitance), one 
attributed to the bulk and one to the grain boundary contribution to the impedance, in series. At higher 
temperatures (over than 500 °C) equivalent circuit corresponds to a resistance in series with two RC 
circuits. When the temperature was further increased, the semicircle corresponding to the bulk 
conduction response can no longer be well defined and the bulk resistance can be then derived from 
the high frequency intercept of the intermediate frequency semicircle with the real axis. The analysis 
is performed according to the “brick layer model” as described in Chapter 2. The calculations used the 
resistance value of the sample obtained by fitting the semi-circles. It can be noticed that under the 600 
°C impedance of samples in wet argon diminishes strongly as compared to dry atmosphere. Sensitivity 
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of the electric conductivity values to the presence of water vapor in the gas phase indicates the 
appearance of proton conduction contribution. 
 
      
 
Figure 3.4.1 The Nyquist plots of Gd3-xCaxGaO6-δ  in dry and humidified Ar at different temperatures:  
370 °C (a), 450 °C (b) and 700 °C (c) 
3.5.2 Transport properties of solid solutions Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+) as a 
function of temperature 
All conductivity measurements were carried out under different atmospheres in a wide range of 
temperatures. Figure 3.4.2 and Figure 3.4.3 show dependences of electrical conductivity for both 
series of samples. As it can be seen all conductivity curves reflect an Arrhenius type of behavior. Pure 
Gd3GaO6 has quite low conductivity at all temperatures. This result can be in great part related to its 
small grain size, its low density (83 %) and, of course, to the absence of dopant. With increasing 
humidity, the total conductivity Gd3GaO6 varies little. In both atmospheres conductivity curves have a 
slope with an activation energy 1.30 eV which is a little bit higher than for pure Nd3GaO6 – 1.2 eV 
[28]. With increasing percentage of alkaline earth metals in Gd3-xMexGaO6-δ we could see a significant 
increase in conductivity values as expected from the increased number of oxygen vacancies with the 
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substitution level. In the high temperature (HT, above 600 °C) and low temperature (LT, below 600 
°C) ranges conductivity curves can be approximated by straight lines with activation energies gathered 
in Table 3.4.1 and Table 3.4.2. In a humid atmosphere we observed an increase in conductivity at 
temperatures below 600 °C. The difference in the values of the conductivity can reach 1 order of 
magnitude, probably due to the presence of protons contribution. For the case of Gd2.9Sr0.1GaO6-δ , in 
dry atmosphere
 
and temperature above ~ 600 °C can be noticed a change of activation energy from 
0.92 eV to 0.74 eV. It indicates the presence of the electronic component of conductivity (p-type). 
 
Figure 3.4.2 Arrhenius plots of total conductivities in dry and wet Ar of Gd3-xCaxGaO6-δ: 
Gd2.98Ca0.02GaO6-δ  (●- dry Ar, ○- wet Ar), Gd2.97Ca 0.03GaO6-δ (●- dry Ar, ○- wet Ar), Gd2.96Ca0.04GaO6-
δ (●- dry Ar, ○- wet Ar), Gd2.95Ca0.05GaO6-δ (●- dry Ar, ○- wet Ar), Gd2.9Ca 0.1GaO6-δ (●- dry Ar, ○- wet 
Ar) 
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Table 3.4.1 Activation energy for total conductivity of Gd3-xCaxGaO6-δ compounds under Ar 
atmosphere 
Composition HT range, eV LT range, eV Ea ref, eV 
[28] Dry Ar Wet Ar Dry Ar Wet Ar 
Gd3GaO6 1.30 1.30 1.30 1.30 1.2 
Gd2.98Ca0.02GaO6-δ   1.05 1.05 1.05 0.79 - 
Gd2.97Ca 0.03GaO6-δ 1.02 1.02 1.02 0.76 - 
Gd2.96Ca0.04GaO6-δ 1.04 1.04 1.04 0.68 - 
Gd2.95Ca0.05GaO6-δ 1.00 1.00 1.00 0.71 - 
Gd2.9Ca 0.1GaO6-δ 0.98 0.98 0.98 0.70 0.97 
 
 
Figure 3.4.3 Arrhenius plots of total conductivities in dry and wet Ar of Gd3-xSrxGaO6-δ: 
Gd2.98Sr0.02GaO6-δ  (●- dry Ar, ○- wet Ar), Gd2.97Sr0.03GaO6-δ (●- dry Ar, ○- wet Ar), Gd2.96Sr0.04GaO6-δ 
(●- dry Ar, ○- wet Ar), Gd2.95Sr0.05GaO6-δ (●- dry Ar, ○- wet Ar), Gd2.9Sr0.1GaO6-δ (●- dry Ar, ○- wet 
Ar) 
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Table 3.4.2 Activation energy for total conductivity of Gd3-xSrxGaO6-δ  compounds under Ar 
atmosphere 
Composition HT range, eV LT range, eV Ea ref, eV 
[28] Dry Ar Wet Ar Dry Ar Wet Ar 
Gd3GaO6 1.30 1.30 1.30 1.30 1.2 
Gd2.98Sr0.02GaO6-δ   0.98 0.98 0.98 0.90 - 
Gd2.97Sr0.03GaO6-δ 0.87 0.87 0.87 0.79 - 
Gd2.96Sr0.04GaO6-δ 0.79 0.79 0.79 0.67 - 
Gd2.95Sr0.05GaO6-δ 0.79 0.79 0.79 0.65 - 
Gd2.9Sr0.1GaO6-δ 0.92 0.92 0.74 0.64 - 
 
The grain boundary conductivity decreases with dopant content which has to be related to the 
grain size of the samples, which was shown also to slightly increase with Ca and Sr content (see 
Figure 3.3.9 and Figure 3.3.10). Figure 3.4.4 represents some Arrhenius plots of total and bulk 
conductivities which demonstrated in the temperature range where it could be separated accurately. 
This picture is representative of all series of samples.  
 
 
 Figure 3.4.4 Conductivity data of Gd3-xCaxGaO6-δ in dry and wet argon at different temperatures 
 
Figure 3.4.5 (a) and (b) shows the concentration dependence of the total conductivity of solid 
solutions Gd3-xCaxGaO6-δ and Gd3-xSrxGaO6-δ. It is evident that the creation of small rate of oxygen 
vacancies in the Gd3GaO6 structure by doping induces a significant increase of the ionic conductivity 
which reaches 3.2×10-3 S.cm-1 and 4.1×10-4 S.cm-1 at 800 °C for 10 % of dopant for Sr and Ca-doped 
Gd3GaO6 respectively. In the Figure 3.4.5 (c) we plot the evolution of conductivity with dopant level 
and atmosphere at 500 °C. The maximum difference between dry and wet atm observed for the 
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Gd2.9Sr0.1GaO6-δ.  
 
 
 
Figure 3.4.5 Evolution of total conductivity values of Gd3-xCaxGaO6-δ  and Gd3-xSrxGaO6-δ  with 
temperature in dry Ar (a, b) and in wet Ar (c) at 500 °C 
3.5.3 Transport properties as a function of p(O2) 
Conductivity has been measured for all samples as a function of oxygen partial pressure 
between Argon/hydrogen (5 %) and pure O2 in the 500 – 800 °C range of temperatures. During these 
measurements, the stabilization time was around 1-2 h at 800 °C and adjusted depending on the 
evolution of the impedance spectrum at lower temperature. All these measurements were done 
bubbling throughout H2O to ensure a constant pH2O of 0.024 atm. Figure 3.4.6, Figure 3.4.7 and 
Figure 3.4.8 show the dependency of the samples conductivity at 700 °C. The results for all 
compounds were very similar. At high pO2 range (pO2 > 10-4 atm) curves have a positive slope 
characterizing the contribution of electronic conductivity of p-type. The process of formation of holes 
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carriers are generally described by the following Equation:                        (3.3) 
In the intermediate and low pO2 (pO2 < 10-4 atm), we observe big plateau of conductivity with 
pO2  independence, which usually correspond to dominant ionic conductivity. 
 
 
 
Figure 3.4.6 Log (pO2) dependency at 700 °C for various compounds of (a) Gd3-xSrxGaO6-δ and (b) 
Gd3-xCaxGaO6-δ 
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Figure 3.4.7 (a, b, c, d) IS measurements as a function of pO2 in wet Ar by varying the temperature 
for Gd3-xCaxGaO6-δ 
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Figure 3.4.8 (a, b, c, d) IS measurements as a function of pO2 in wet Ar by varying the temperature 
for Gd3-xSrxGaO6-δ 
 
3.6 Conclusion 
In this chapter we have synthesized successfully two series of Gd3-xMexGaO6-δ  (Me = Ca2+, Sr2+) 
dense compounds by microwave-assisted citric acid combustion method. All materials present a non-
centrosymmetric orthorhombic structure with cell parameters following the evolution of dopant 
content. Highest density of samples found for 10 % of dopant content and it reaches 94 % for 
Gd2.9Ca0.1GaO6-δ and 96 % for Gd2.9Sr0.1GaO6-δ. The pure Gd3GaO6 compound shows as expected a 
low conductivity and the absence of proton conduction. In such a way based on the analysis of the 
concentration dependences of the conductivity of alkaline earth-substituted solid solutions based on 
Gd3GaO6, it can be concluded that the introduction of small amounts of Ca2+ and Sr2+ in the matrix 
gadolinium gallate leads to a sharp increase in the values of electrical conductivity. The best 
conduction properties are observed for higher Ca2+ and Sr2+ contents, 7.1×10-5 S.cm-1 and 7.5×10-4 
S.cm-1 at 600 °C in wet argon respectively. Proton conduction is observed at low temperature, in 
humid atmosphere for all doped compounds. Table 3.5.1 presents a comparison of conductivity values 
of different electrolyte materials as reported in the literature. As we can see our compounds have the 
same level of conductivity comparing with materials whose structure contains tetrahedral units, such 
as La0.99Ca0.01NbO4. All doped compounds are oxygen ion conducting at high temperature and present 
a mixed anion-hole behavior in the range 10-29 - 1 atm of oxygen partial pressure. The figures evidence 
an evolution of conductivity with p(O2) similar to that of other proton conductors such as barium 
zirconates or cerates. Indeed, the material changes from pure anion conducting compound with no 
evolution of conductivity with p(O2) to a p-type conducting behavior with an evolution of conductivity 
p(O2) following a ¼ power law. 
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Table 3.5.1 Conductivity of different electrolyte materials as reported in the literature comparing with 
Gd3-xMexGaO6-δ   
Composition Conductivity at 
600°C, S/cm 
 
Conductivity measurement 
conditions 
Ref. 
La0.99Ca0.01NbO4 4.1×10-4 
7.6×10-4 
Dry O2 (pH2O = 3*10-5 atm) 
Wet O2 (pH2O = 0.025 atm) 
36 
La1-xBa1+xGaO4-x/2 1×10-4 Wet O2 (pH2O = 0.025 atm) 37, 38 
BaZr0.93Y0.07O3-x 3.8×10-3 
4.2×10-3 
Wet N2 (pH2O = 0.023 atm) 
Wet air
 
(pH2O = 0.025 atm) 
46 
BaZr0.95In0.05O3-x 1.2×10-2 Wet H2 45 
Gd2.9Ca0.1GaO6-δ 3.1×10-5 
7.1×10-5 
Dry Ar (pH2O = 10-5 atm) 
Wet Ar (pH2O = 0.023 atm) 
This 
work 
Gd2.9Sr0.1GaO6-δ 3.6×10-4 
7.5×10-4 
Dry Ar (pH2O = 10-5 atm) 
Wet Ar (pH2O = 0.023 atm) 
This 
work 
Nd2.955Sr0.045GaO6-δ 1×10-3 Dry air 28 
Nd2.91Ca0.09GaO6-δ 9×10-4 Dry air 28 
Ca-doped LaPO4 
Sr-doped LaPO4 
Ba-doped LaPO4 
5×10-4 
4×10-4 
2×10-4 
Wet O2 
Wet O2 
Wet O2 
44 
 
Also chemical stability was investigated of pure Gd3GaO6 and Sr-doped Gd3GaO6 under 
different atmospheres and conditions. No extra-phases or phase changes were observed. All materials 
show an excellent stability against reducing and humid atmospheres.  
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Chapter 4 Synthesis, structure and electrical 
properties of Ba2Y1+xNb1-xO6-δ 
 
4.1 The perovskite background 
Perovskite form is a relatively simple system to study with greatly varying structural, electronic 
and magnetic properties. They may be insulators with a wide range of band-gap values, metals, half-
metals (La1-xCaxMnO3, A2CoWO6 (A = Sr, Ba, Ca)) [1,2] or even superconductors (LaBaCuO4, 
YBa2Cu3O7-δ) [3]. They exhibit magnetic orderings ranging from antiferromagnetic to ferri- and 
ferromagnetic (BaLaZnRuO6, BaTiO3) [4, 5], but can also show magnetic frustration with no apparent 
long-range spin order (BaLaNiRuO6, Sr2FeRuO6) [6, 7]. Perovskites may also show high ionic 
conductivities (BaCeO3, BaZrO3, LaGaO3, Na0.5Bi0.5TiO3) [8] and good catalytic properties 
(Cs2.5H0.5PW12O40, La(Fe,Co)0.9Pd0.1O3) [9]. As a result, perovskite materials are of great technological 
interest, with a range of possible applications such as dielectrics or magnetic memory components in 
electronics [3], electrode and electrolyte materials for fuel cells (La0.8Sr0.2Ga0.83Mg0.17O2.815, Sr2Mg1-
xMnxMoO6-δ) [10], photocatalysts for water splitting [9], and as recently discovered, components for 
solar cells (CH3NH3PbBr3) [11], to name just a few. 
4.1.1 Simple perovskite structure 
Perovskites have the general formula ABX3, in which A represents a large electropositive cation 
in 12-coordinate sites, B represents a small transition metal or main group ion, and X is commonly an 
oxide or halide ion (Figure 4.1.1). The space group for ideal cubic perovskites is Pm  m (221) [12]; 
the equivalent positions of the atoms are detailed in Table 4.1. In an idealised cubic perovskite 
constructed of rigid spheres, each cation has the perfect size to be in contact with an oxygen anion, 
themselves forming a compact array of spheres.  
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Figure 4.1.1 The schematic representation of the ABO3 ideal perovskite structure, where the 
green, grey and red spheres represent, A, B and oxygen cations, respectively [13] 
 
Table 4.1: Atomic positions in cubic perovskites [14] 
Site Location Co-ordinates 
A cation (1a) (0, 0, 0) 
B cation (1b) (½, ½, ½) 
O anion (3c) (½, ½, 0), (½, 0, ½), 
(0, ½, ½) 
 
The compositional flexibility of the perovskite structure is especially notable in the case of 
cation substitution. Both the A and B cations can be partially substituted with either iso- or aliovalent 
cations, resulting in a large number of possible mixed compositions. What is more, chemical ordering 
of the substituted cations is possible, and can happen either at the A or B site, or at both 
simultaneously. The perovskite structure allows a rather large mismatch of ionic radii. This A and B 
cation size mismatch is often described by the Goldschmidt tolerance factor [15]. With decreasing A 
cation size, a point will be reached where the A-cations will be too small to remain in contact with the 
anions in the cubic structure. In this case the B-O-B bonds bend slightly, tilting the BO6 octahedra to 
bring some anions into contact with the A cations [16]. To better describe the property of perovskite 
structure toward this for this distortion, a constant, t, is introduced with the expression (4.1): 
                                                    
)(2/)( OBOA rrrrt 
                                          (4.1) 
where t – the Goldschmidt tolerance factor, rA, rB, and rO are the ionic radii of A, B and O, 
respectively. Each distortion of the cubic structure means t deviation from its ideal value equal to 1. 
Depending on the value of the tolerance factor, we can distinguish several situations, shown in the 
Table 4.2. Therefore, the closer to cubic, the closer the value of the tolerance factor is to unity. The 
BX6 octahedra can expand, contract or tilt in order to compensate non-ideal ionic size ratios of the 
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different cations, and in case of electronic instabilities, the octahedra can distort or the cations may 
shift from their ideal positions. One important feature of this structure is a possibility to make partial 
substitutions or to create vacancies at any of the three sites of the structure. As a result of this 
flexibility, the perovskite structure can accommodate almost all of the elements of the periodic table. 
 
Table 4.2 Evolution of crystal structures depending on the value of the tolerance factor [17] 
 
t < 0.75 
Ilmenite 
0.75 < t < 1.06 
Perovskite 
 
t > 1.06 
Hexagonal 0.75 < t < 0.96 
orthorhombic 
distortion 
0.96 < t < 0.99 
rhombohedral 
distortion 
0.99 < t < 1.06 
 
cubic 
 
All perovskite distortions that maintain the A and B site oxygen coordinations involve the tilting 
of the BO6 octahedra and an associated displacement of the A cation. For the orthorhombic structure, 
these octahedra tilt about the b and c axes, while in the rhombohedral structure the octahedra tilt about 
each axis [18].  
4.1.2 Double perovskite structure 
The study of double perovskites was initiated in the early 1950s [19, 20] and expanded in the 
late 1950s [21, 22]. From the late 1950s to the mid 1970s, many of the double perovskites currently 
known were discovered and studied [23-30]. The double perovskite general formula is A2B'B''X6 or 
A'A'B2O6, where A'- and A''- cations, and B'- and B''- cations can be the same or different type. 
 
 
Figure 4.1.2 The schematic representation of the A2B'B''X6 ideal double perovskite structure; 
where B'-cation and B'O6 octahedra are represented in purple, B''-cation and B''O6 octahedra in green, 
A -cations in blue, and oxygens in red [13] 
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There are three B-cation sublattice types known for double perovskites: rock salt, columnar and 
layered, see Figure 4.1.3. For example, order-disorder effects are most often encountered when the 
charge difference between B' and B" is two or less. Rock-salt (1:1) ordering also known as the 
elpasolite structure, after the mineral K2NaAlF6. This type of ordering of the octahedral-site cations 
doubles the unit cell of the simple undistorted ABX3 perovskite, changing the space-group symmetry 
from Pm  m to Fm  m. The B-site cations may also form a layered order, where the cations alternate 
only in one direction, as presented in Figure 4.1.3. This ordering is stabilized only in rare cases where 
one of the B-site cations is a Jahn-Teller (JT) active ion and the difference in B-site cation radii is 
great. A columnar order of the B-site cations is also possible, with cations alternating in two 
directions, as shown in Figure 4.1.3. The three B-cation sublattice types and common cell sizes, 
crystal systems, and space groups are shown in Table 4.3. 
 
 
Figure 4.1.3 Cation ordering schemes in perovskites. From left to the right: 0D (rock salt), 1D 
(columnar ordering), and 2D (layered ordering) are shown for A-site ordering in AA'B2O6 perovskites 
(top) and for B-site ordering in A2B'B''O6 perovskites (bottom) [13] 
 
Table 4.3 Crystallographic information for common double perovskites [31] 
Sublattice type Cell size Crystal system Space group 
Random 1ap×1ap×1ap Cubic Pm  m    ap×   ap×2ap Orthorhombic Pbnm 
Rock-salt 2ap×2ap×2ap Cubic Fm  m    ap×   ap×2ap Monoclinic P21/n 
Layered 2ap×2ap×2ap Monoclinic P21/m 
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The possibility of cation ordering adds to the complexity and modifiability of the perovskite 
compounds. Such order-disorder phenomena are of fundamental interest by themselves, but the 
ordering also affects many of the physical properties of these compounds. If an ordered arrangement 
between B' and B'' occurs, the symmetry and the size of sites are changed. One way to define the 
tolerance factor for A2B'B''O6 doubles perovskites as in equation 4.2 [15]: 
)(2/)( )( OBBOA rrrrt  
        (4.2) 
where t – the Goldschmidt tolerance factor,   (B', B'') is the averaged ionic radius of B-cation, 
considering B' and B'' cations.  
Based on the work of M. Anderson et al. [31], there are several factors which influence the 
ordering: 
  The difference in charge between B' and B''- cations. If the difference in the oxidation state 
is two or less, all of the ordering arrangements listed above are possible, dominated by completely 
disordered and partially ordered arrangements. If the difference is greater than two, highly ordered 
compounds are generally observed [13]. 
  The size difference of the B-site cations. Generally, bigger differences in ionic radii (∆r B'/ B'' 
= |rB'-rB'' |) is related to higher degrees of cation ordering. For instance, Sr2MTaO6 where M3+ = 
Sc,Cr,Fe [32,33], have a M-cation charge difference of +2, but Sr2ScTaO6 (∆rSc/Ta=0.105 Å) is fully 
ordered, Sr2CrTaO6 (∆rCr/Ta=0.025 Å) is partially ordered (0.8/0.2 proportion), and Sr2FeTaO6 
(∆rFe/Ta=0.005 Å) is completely disordered. 
  The method of preparation used and the final synthesis temperature. Woodward [34] 
examined this factor in the cubic compounds Sr2AlTaO6 and Sr2AlNbO6. The ordering generally 
increased as synthesis temperature increased. However, in this example for Sr2AlNbO6 material, the 
ordering reached a thermodynamic equilibrium at 1673 K and subsequent annealing at higher 
temperatures decreases the Al/Nb grade of ordering. 
If there is mismatch between the A-X and the averaged (B',B'')-X bond lengths, i.e. t > 1or t < , 
the structure of the double perovskite distorts from the cubic symmetry. The most common occurred 
distortions in A2B'B''O6 are due to the tilting of the B'O6/ B''O6 octahedra. Glaser et al. [35] was the 
first who described the various types of octahedral tilting distortions. In 1997 Woodward summarized 
Glazers’ work for ordered double perovskite structures (A'A''B'B''O6) [36]. The generalization process 
consists on the search of space groups for each 23 Glazer tilts, that allow B' and B''- cation ordering 
and maintain rigid octahedra. 14 possible space groups were searched for 1:1 ordered double 
perovskites. Several years ago Howard et al. [37] presented a precise work concerning the group-
theoretical analysis and specially considered octahedral tilting in rock-salt ordered perovskites and 
discussed some approaches and possible pitfalls to the structure determination process. Howard 
reduced the number of possible space groups to 15, and of these six are commonly observed with a 
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single A-site cation. 
4.1.3 Structural properties of Ba2LnB'X6 (Ln=lanthanide, In and Y, B'= Nb5+ and Ta5+) 
The series of the compounds Ba2LnNbO6 firstly were synthesized and reported by Brixner [38] 
to have a simple cubic perovskite structure with the exception of Ba2LaNbO6, which was described as 
a tetragonally distorted perovskite. But, at the same time for this compound was also reported a 
rhombohedral distortion [39]. Later Galasso et al. [40] presented a study concerning Ba(M0.5Nb0.5)O3 
(M=Rare Earth, indium). This study is in contrast with the observations which were reported by 
Brixner. Brixner indicates that in these barium-rare earth niobates, the rare earth ions and niobium ions 
are arranged randomly in the B-sites while the Galasso et al. found ordered arrangement in all series of 
Ba(M0.5Nb0.5)O3 (M=Rare Earth, indium), see Table 4.4. Von Wittmann et al. [41] referred the unit cell 
of Ba2LaNbO6 as monoclinic and that of Ba2GdNbO6 as tetragonal, respectively. Evdokimov and 
Men’shenina [42] determined the monoclinic unit cells for Ln = La–Sm, the tetragonal unit cells for 
Ln = Eu–Tb, and double cubic unit cells for Ln = Dy–Lu and Y. However, in all the studies mentioned 
above, the authors did not show any information about space group symmetry and any structural 
details. 
 
Table 4.4 Structure data for the Ba(M0.5Nb0.5)O3 compounds [40] 
 
Compound 
 
Cell sizea, Å 
Arrangement 
of B ions 
Diff. in ionic 
radii of B 
ions, Å 
Ba(La0.5Nb0.5)O3 a = 8.607 
c = 8.690 
Ordered 0.45 
Ba(Nd0.5Nb0.5)O3 8.540 Ordered 0.35 
Ba(Sm0.5Nb0.5)O3 8.518 Ordered 0.31 
Ba(Eu0.5Nb0.5)O3 8.507 Ordered 0.29 
Ba(Gd0.5Nb0.5)O3 8.496 Ordered 0.28 
Ba(Dy0.5Nb0.5)O3 8.437 Ordered 0.23 
Ba(Ho0.5Nb0.5)O3 8.434 Ordered 0.22 
Ba(Er0.5Nb0.5)O3 8.427 Ordered 0.20 
Ba(Tm0.5Nb0.5)O3 8.408 Ordered 0.18 
Ba(Yb0.5Nb0.5)O3 8.374 Ordered 0.17 
Ba(Lu0.5Nb0.5)O3 8.364 Ordered 0.16 
Ba(In0.5Nb0.5)O3 8.279 Ordered 0.12 
a – data from Brixner [35] 
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Lately, Hemni et al. [43] performed a Rietveld analysis of the X-Ray diffraction data and 
described the structure of Ba2LnNbO6 (Ln = La– Lu), all in the space group P21/n (tilt system (a-a-c+ 
according to Glaser [35] notation)) with the unit cell of a ≈ b ≈ √2ap, c ≈ 2ap, and b ≈ 90°, where ap 
denotes the lattice constant of the primitive cubic perovskite. This space group allows two 
crystallographically distinct octahedral sites in the perovskite structure, thus permitting 1: 1 positional 
ordering between the B site ions, Ln3+, and Nb5+ ions. These ions are arranging alternately and they 
have a rock salt sublattice [42]. The crystal structures of these compounds are derived from the 
perovskite structure with different distortions. Ba2LnNbO6 crystal structure is shown in Figure 4.1.4 
(a) and the variation of lattice parameters for Ba2LnNbO6 with the ionic Ln3+ radius in Figure 4.1.4 
(b). 
 
  
Figure 4.1.4 (a) Crystal structure of Ba2LnNbO6  and (b) Variation of lattice parameters for 
Ba2LnNbO6 with the ionic Ln3+ radius [43] 
 
The average Ln-O bond length increases with the ionic radius of Ln3+, the average Nb-O bond 
length is nearly constant (~ 1.94 Å) for all the Ba2LnNbO6. This value is shorter than the Nb-O bond 
length calculated from using Shannon's ionic radii, 2.04 Å. This result indicates the existence of the 
covalency in the Nb-O bond in these Ba2LnNbO6 [43].  
In 2004 Ting et al. [44, 45] presented a detailed structural analysis of A2InNbO6 materials by 
using neutron powder diffraction, electron diffraction and bond valence calculations. In the first report 
[41], authors concluded that Ba2InNbO6 occurs in the Fm  m elpasolite-type structure, whereas 
Sr2InNbO6 shows a P21/n monoclinic perovskite-related superstructure. In the conclusion, authors 
proposed an additional Rietveld refinement through neutron diffraction data in order to increase 
reliability of the oxygen ions positions determination. This procedure was conducted and reported by 
the same authors in a subsequent work [44]. In principle, this reduction of symmetry can have three 
different effects on the diffraction patterns: splitting of the peaks, introduction of unobserved peaks 
and/or changes in the peaks intensities. In Figure 4.1.5 is shown the effect of the symmetry reduction 
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of the disordered and ordered cubic structure, respectively, for the most observed crystal symmetries. 
When the symmetry reduction happens into a primitive space group (e.g. P21/n), new peaks are 
observed in the diffraction patterns related to primitive cell. This type reflection (hkl) condition are h + 
k + l = 2n + 1 [13]. 
 
 
Figure 4.1.5 Simulated X-Ray diffraction patterns for the ordered A2B'B''O6 cubic structure (black) 
and the most common distorted symmetries: R   (red), I4/m (green), I2/m (blue) and P21 /n (purple). 
In the inset is shown the splitting of the peaks [13] 
 
Recently several groups of scientists [46-49] examined the structures of A2LnTaO6 and 
A2LnNbO6 and determined space-group assignments, cation ordering and unit-cell dimensions of 
ordered perovskites from the analysis of synchrotron and monochromatic laboratory X-Ray data. 
These studies taken together with previous works reveal a strong correlation between the tolerance 
factor and the space-group symmetry. It was found that the structures of the double perovskites 
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Ba2LnNbO6 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Y) can all be derived from the primitive 
cubic aristotype by ordering the LnO6 and NbO6 octahedra, and by tilting the octahedra around one of 
the principal axis of the cubic cell. In Ba2LnNbO6 with Ln = La, Pr, Nd, and Sm, the octahedra are 
tilted around the two-fold [110]p-axis, resulting in the monoclinic symmetry with the space group 
I2/m. The tilting of the octahedra reduces the c-axis with the reduced cell axes ratio, defined as ap(bp) 
= a(b)/√2 and cp = c/2, being cp/ap(bp) < 1. For compounds with Ln = Eu, Gd, Tb, and Dy, the 
LnO6/NbO6 octahedra are tilted around the four-fold [001]p-axis, corresponding to the tetragonal 
symmetry of the space group I4/m. The rotation of octahedra causes the decrease of the a-axis leading 
to cp/ap > 1. As the size of Ln further decreases, e.g. Ln = Ho and Y, no octahedral tilting exists any 
more, and the structure is a cubic with space group Fm  m [46]. Thereby phase sequence clearly shows 
the dependence of the crystal structure on the ionic radii, i.e. the tolerance factor. Table 4.5 shows the 
lattice parameters of a few representative Ba2LnNbO6 and Table 4.6 lists some selected interatomic 
distances. 
The mentioned work [46] also confirms the existence of the monoclinic symmetry in 
Ba2LnNbO6, but the space group is found to be I2/m instead of P21/n as was previously suggested by 
Hemni et al. [43]. Since no diffraction lines that associate with the in-phase tilting are present, it does 
not seem logical to adopt the space group P21/n for Ba2LnNbO6.  
 
Table 4.5 Refined lattice parameters of some selected Ba2LnNbO6 in the space groups I2/m, I4/m, and 
Fm  m, respectively [46] 
I2/m I4/m Fm  m 
Ba2LaNbO6 Ba2NdNbO6 Ba2GdNbO6 Ba2TbNbO6 Ba2YNbO6 
a  6.1444(8) (Å) a  6.0791(8) (Å) a  5.9985(6) (Å) a  5.9842(8) (Å) a  8.4316 (8) (Å) 
b  6.0913(1) (Å) b 6.0454(7) (Å) c  8.5200(4) (Å) c  8.4817(3) (Å)   
c  8.6040(1) (Å) c 8.5390(9) (Å)  
ȕ 90.348(1) (°) ȕ 90.134(1) (°) 
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Table 4.6 Selected interatomic distances (Å) in Ba2LnNbO6 (Ln = La, Gd, and Y) [46] 
 Ba2LaNbO6 
(sp.gr. I2/m) 
 Ba2GdNbO6 
(sp.gr. I4/m) 
 Ba2YNbO6 
(sp.gr. Fm  m)  
Ln–O(1) 2.461(13) 2× 2.294(15) 2× 2.247(6) 6× 
Ln–O(2) 2.338(9) 4× 2.316(9) 2×   
Nb–O(1) 1.960(13) 2× 1.966(15) 2× 1.969(6) 6× 
Nb–O(2) 2.015(9) 4× 1.955(10) 2×   
Ba–O(1) 2.614(13) 
3.101(2) 
3.556(14) 
1× 
2× 
1× 
3.0038(9) 2× 2.9842(3) 12× 
Ba–O(2) 2.798(9) 
3.041(13) 
3.068(14) 
3.327(9) 
2× 
2× 
2× 
2× 
2.843(6) 
3.189(7) 
2×   
 
From the physical point of view there are three main differences between La3+ and Pr3+ and the 
heavier lanthanides. The first of these is that they have less f-electrons with La3+ and Pr3+ having f 0 
and f 1 configurations, respectively. They are also less electronegative than the other lanthanides and 
have a larger ionic radii, 1.032 and 0.99 Å compared to 0.983–0.912 Å (according to Shannon radii). 
Studies of Ba2YTaO6 and Ba2YNbO6 now become interesting since Y3+ has a f 0 configuration, an 
electronegativity intermediate between La3+ and Pr3+ and a ionic radii of 0.900 Å. If the smaller 
number of f-electrons or electronegativities causes the La3+ and Pr3+ compounds to adopt a 
rhombohedral structure then Ba2YMeO6 (Me = Nb5+, Ta5+) would also be expected be rhombohedral. 
However, on practice Ba2YMeO6 (Me = Nb5+, Ta5+) was obtained in a cubic form at room temperature. 
Ba2YTaO6 has tetragonal symmetry while the La3+ and Pr3+ compounds adopt a rhombohedral 
structure suggests that the La3+ and Pr3+ compounds have rhombohedral symmetry as a consequence of 
their larger ionic radii suggesting that the difference in size of the two B-type ionic radii is an 
important contributing factor. 
Another controversial issue is the determination of the degree of cation ordering in Ba2YNbO6 
compound, because Y3+ and Nb5+ are formally isoelectronic. This can easily lead to the incorrect 
assumption that Y3+ and Nb5+ cations are completely disordered. Yet, yttrium(III) and niobium(V) 
have an oxidation state difference of two and more importantly a large difference in ionic radii (0.260 
Å). This combination should stabilize a highly ordered arrangement of yttrium (III) and niobium (V) 
[31]. Close examination of the XRPD data shows evidence of a small peak at ca 18.2° in 2θ, 
corresponding to the (111) reflection. This reflection is also seen in the NPD data, as shown in the 
inset of Figure 4.1.6 [47]. 
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Figure 4.1.6 Observed neutron diffraction pattern along with calculated and difference patterns from 
the Rietveld refinement of Ba2YNbO6. The upper set of vertical tick marks indicates the expected 2 
position of the reflections. The lower set of reflection position markers corresponds to a trace of 
unreacted YNbO4. The inset emphasizes key R-point reflections that reveal the cation ordering and the 
oxygen displacement toward niobium [47] 
 
P. J. Saines et al. [48, 49] along with structural analysis of the A2LnTaO6 and A2LnNbO6  
compounds, provides information about the phase transition depending of the temperature change. The 
X-Ray diffraction patterns revealed a phase transition from I2/m monoclinic (tilt system a– a– c0 ) to R   
rhombohedral (a– a– a–) near room temperature. Further heating of the sample revealed another 
transition to Fm  m cubic symmetry (a0a0a0), see Figure 4.1.7 (a).  The phase transition between the 
monoclinic and rhombohedral phases is discontinuous as indicated by the large two-phase region 
which starts at 140 K and ends in the range 300–398 K. It should also be noted that there was a 
significant increase between the lattice parameter, a, measured at 300 and 400 K. The transition 
between the rhombohedral and cubic phases was continuous and, from the loss of resolved splitting in 
the diffraction patterns, was estimated to occur between 798 and 823 K, see Figure 4.1.8 (a) [49]. As 
it was mentioned above Ba2YTaO6 has a cubic structure at room temperature. Because of that its 
structure was examined at low temperature to establish the structure of the distorted variant. At the 
temperature range of 234 K was indicated a phase transition between tetragonal I4/m and cubic Fm  m 
symmetry (see Figure 4.1.7 (b) and Figure 4.1.8 (b)) which in an agreement with previous results 
[50]. The Table 4.7 below shows several examples of the phase transition temperatures for the 
A2LnTaO6 and A2LnNbO6 series of compounds. 
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Figure 4.1.7 Selected sections of diffraction patterns of Ba2LaTaO6 (a) and Ba2YTaO6 (b) with 
changing temperature indicating the symmetry of the various structures found to be adopted [49] 
 
 
Figure 4.1.8 Lattice parameters versus temperature for Ba2LaTaO6 (a) and Ba2YTaO6 (b) 
indicating the sequence of phase transitions adopted with increasing temperature. The unit cell lengths 
have been reduced to the same size as a primitive cubic perovskite unit cell [49] 
 
Table 4.7 Transition temperatures for the niobate and tantalate double perovskites, where a two-
phase region of co-existence is noted by and the data collected do not fully cover the range of phase 
co-existence 
 
Compound 
Temperature range of two-phase 
coexistance of monoclinic and 
intermediate phases (K) 
Transition temperature to cubic 
From splitting 
(K) 
From strain (K) 
Ba2LaNbO6 
Ba2LaTaO6 
Ba2PrNbO6 
Ba2PrTaO6 
Ba2NdNbO6 
~ 398-523 
~ 140-298 
   503-623 
   453-528 
   508-628 
823-848 
798-823 
713-728 
663-678 
688-698 
862(6) 
838(4) 
- 
656(3) 
695(2) 
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Ba2NdTaO6 
Ba2SmNbO6 
   523-598 
~ 298 
698-723 
573-598 
- 
582(1) 
 
4.1.4 Electrical properties of A2LnB'X6 (A= Ba2+, Sr2+, Ca2+, Ln=lanthanide, In and Y, B'= 
Nb5+ and Ta5+) 
There is a lack of knowledge concerning the electrical properties of A2LnB'X6 double perovskite 
niobate / tantalate compounds, although some related works are found in the literature [51-61]. In the 
work [57] were first studied the electrical properties of the phases Ba2InMO6 (M = Nb, Ta) and a 
composite systems (1-x) Ba2In2O5 ·  xBa2InMO6. Over the whole temperature range Ba2InMO6 
electrical conductivity is low and does not exceed the conductivity Ba2In2O5 (Figure 4.1.9). It has 
been observed a slight increase of Ba2InMO6 conductivity in a humid atmosphere at temperatures 
below 700 °C. The total conductivity Ba2InMO6 is mixed ionic-electronic in nature (Figure 4.1.10). In 
the dry air atmosphere predominates p-type conductivity. In a humid atmosphere below 500 °C 
contribution of the ionic component increases to ~ 60 % due to the appearance of proton contribution. 
 
 
Figure 4.1.9 Temperature dependence of total electrical conductivity of the Ba2InMO6 compared with 
Ba2In2O5 in the atmospheres of different humidity [57] 
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Figure 4.1.10 The temperature dependence of ion transport numbers for Ba2InTaO6 [57] 
 
The concentration dependence of conductivity for the systems (1-x) Ba2In2O5 ·  xBa2InMO6 in 
dry and wet atmospheres is non monotonic. For small values of x, the electrical conductivity increases 
significantly by 1-2 orders of magnitude compared to the values obtained for the phases Ba2In2O5 and 
Ba2InMO6 (Figure 4.1.11). The total conductivity of heterophasic systems is not the sum of the 
conductivities of the constituent phases, due to the presence of a potential (1-x) Ba2In2O5 ·  xBa2InMO6 
composite effect. The composites obtained at 1300 °C, i.e. below eutectic temperature, had 
conductivity 0.5 order of magnitude lower. This confirms the role of dispersion in the formation of 
high ionic conductivity. Studies of conductivity depending on the partial oxygen pressure showed that 
samples have a 2 phases with mixed ion electronic conductivity.  
 
 
Figure 4.1.11 The concentration dependence of the total electrical conductivity of the  
(1-x) Ba2In2O5 ·  xBa2InMO6: (a) M = Nb; (b) M = Ta; in the atmospheres of different humidity [57] 
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T.P. Sinha et al. [51-54, 58] studied the dielectric properties and relaxation behavior of the 
several series of compounds as A2HoTaO6 and A2CeNbO6 (A = Ba2+, Sr2+ and Ca2+). A relaxation is 
observed in the entire temperature range. Complex impedance plane plots of A2CeNbO6 show only 
one semicircular arc, indicating only the grain contribution of dielectric relaxation as it shown on the 
Figure 4.1.12 (a).  The scaling behavior of imaginary part of electric modulus (M'') and imaginary part 
of electrical impedance (Z'') suggests that the relaxation describes the same mechanism at various 
temperatures. The values of electrical conductivities varies from 2.79*10-7 to 3.5*10-5 Sm-1 with the 
increase in temperature from 100 to 450 °C. The activation energies (0.37 eV) extracted from M''(ω) 
and Z''(ω) peaks are found to follow the Arrhenius law [52]. A similar behavior of Z'' has been 
observed for perovskite oxides strontium magnesium niobate, SrMg1/3Nb2/3O3 [58].  
Relaxation processes involve with their own discrete relaxation times depending on the 
temperature. It is to be mentioned that the samples has been synthesized at high temperature ≥ 1300 
°C, a slight amount of oxygen loss can occur and may be expressed as per the Kroger-Vink notation:     =                                       (4.3) 
where     is the loss of lattice oxygen,      is the presence of oxygen ion vacancy and    is the 
electron released or captured. Oxygen vacancies facilitate the appearance of dipoles formed with an 
adjacent host ion and enlarge the rattling space available for dipole vibration, which as a consequence 
leads to the short-range hopping of the ions and gives rise to relaxation [51]. 
 
 
Figure 4.1.12 (a) Complex plane impedance plots of Sr2CeNbO6 at various temperatures where open 
symbols are experimental data points and solid line is the fitting of equivalent RC circuit. Inset shows 
the equivalent RC circuit [51]; (b) Arrhenius plots of Ba2CeNbO6 of ωm for M''(ω), Z''(ω) and σdc. The 
symbols are experimental data points and the solid lines are the least squares straight-line fit [52] 
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As it was noticed in [54], in double perovskites, the structural distortion from the cubic structure 
is observed as the ionic radius of the A-site cation decreases. The distortion is caused by concerted 
rotation of the BO6 octahedra and displacement of the A and B cations within the cage. These 
distortions give rise to a change in dielectric properties. As pointed out by Woodward [36], if the 
electronegativity of A-cation increases, i.e., from Ba to Sr or from Sr to Ca, the covalent A–O bonding 
interaction plays a prominent role in double perovskites. Figure 4.1.13 shows the Arrhenius plots of 
dc conductivity of Ba2HoTaO6, Sr2HoTaO6 and Ca2HoTaO6. The activation energies (Eσ) as obtained 
from the linear fit of the experimental data of the samples are found to be 0.93, 0.94, and 0.87 eV for 
Ba2HoTaO6, Sr2HoTaO6 and Ca2HoTaO6 respectively. The values of the activation energy suggest that 
the conduction mechanism may be due to the movement of oxygen-ion vacancies inside the grains in 
these materials. The oxygen ion jumps, between the vacancies, are considered to be responsible for the 
transition from short-range to long-range hopping and may explain the marked conductivity. 
It is therefore evident that the information about the structural and electrical properties of 
A2LnB'X6 is still not complete and consistent. Therefore, to have knowledge about the performance of 
A2LnB'X6, it becomes important to know the carrier transport mechanism and hence the system 
deserved further investigation. 
 
Figure 4.1.13 Arrhenius plots of the dc conductivity (σdc) for Ba2HoTaO6, Sr2HoTaO6 and 
Ca2HoTaO6 [54] 
 
In another case, when B' and B'' ions are 2+ and 5+, respectively, forming A3(B'B''2)O9 triple 
perovskite. Among the complex perovskites, Ba3Ca1.18Nb1.82O9−δ (BCN18) has drawn attention due to 
its high proton conductivity and excellent chemical stability in CO2 and H2O [63-71]. Ca2+ and Nb5+ 
ions in this compound are taken off stoichiometry by 18 % (in opposite directions) to create 
negatively charged defects with which oxygen vacancies and/or protons can compensate, has been 
demonstrated almost pure proton conduction in reducing atmospheres. As it is known that the choice 
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of 1.18 for Ca sites is based on the ordering structure of B-sites ions. When the ratio of Ca2+ reaches 
1.18, the B-sites ions are more randomly distributed, which is more favored on conductivity 
compared with pure Ba3CaNb2O9 [65, 66].  
BCN18 has been reported in literature as a good proton conductor, with conductivity values 
of 1*10-4 S.cm-1 at 200 °C [65].  Bohn H.G. and Schober T. [65] found that BCN18 has good proton 
conductivity in the interior of the grains, whereas the grain boundaries serve as obstacles to proton 
conduction. The authors have suggested that once the oxygen ion vacancies are filled in the structure, 
the concentration of electron hole may be frozen and resulting in a high conductivity during the 
cooling cycle with activation energy of 0.82 eV, see Figure 4.1.14. At high temperature (above 700 
°C) the proton concentration in BCN18 is reduced to values below 1%. At high pO2 values, the DC 
conductivity is dominated by electronic conduction which leads to small proton transport numbers. 
Annealing of BCN18 in hydrogen atmospheres was found to lead to a degradation of mechanical 
strength.  
 
 
Figure 4.1.14 Temperature dependence of the grain interior conductivity of BCN18. All indicated 
concentrations are total proton concentrations obtained from the weight increase of the sample [65]  
 
S. Wang et al. [72] investigated the effects of Ce doping on the Ca and Nb ions in complex 
perovskite BCN18 proton conductor. The conductivity measurements for the samples are conducted in 
wet air and wet H2. In both air and H2 atmospheres, substitution of Nb5+ with Ce ions leads to a 
decrease in activation energy as well as an increase in bulk conductivity. The activation energy for 
grain boundary conduction remains almost the same with different substitution of Ce ions. Figure 
4.1.15 (a) is clearly showing the effect of Ce doping on the crystal structure and consequently 
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influence on the electrical conductivity. A larger decrease in activation energy is observed with Nb 
sites doped samples. This can be understood that more B-sites ions are “randomly” distributed rather 
than ordered because of the Ce ions doping, thus the charged ions can move more easily. As it can be 
seen at Figure 4.1.15 (b) for samples tested in wet H2 atmosphere, a decrease in activation energy at 
high temperature range (higher than 550 °C) has been observed, indicative of change in conduction 
mechanism. When the testing temperature increases, a decrease in proton conductivity is anticipated as 
a result of the dehydration of the oxide lattice due to the exothermal nature of reaction (4.4). A gradual 
change from proton conduction into mixed oxygen ion and proton conduction is expected. Electronic 
conduction may also exist under high temperature regime.                         (4.4) 
 
 
 
Figure 4.1.15 Arrhenius plots of total conductivity for samples (a) in wet air and (b) in wet H2 [72] 
 
As very few studies of the substitution on the B-sites in BCN18 have been reported before, it 
requires further studies, especially by exploring other potential B-site dopants of BCN18 in the pursuit 
of novel proton conducting materials. 
4.2 Objectives of the study 
In connection with the foregoing, the objectives of this chapter are:  
- Synthesis of solid solutions Ba2Y1+xNb1-xO6-δ with different content of Y3+ (x = 0, 0.05, …, 
0.25) and study of their crystal structure; 
- The study of the electrical conductivity in the temperature range 300 - 900 °C in different 
atmospheres with different oxygen partial pressures; 
- Investigation of these phases on a possibly proton transfer; 
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- Examine its stability under operating conditions. 
 
4.3 Structural properties of Ba2Y1+xNb1-xO6-δ compounds (x = 0, 0.05, …, 0.25) 
Nanopowders of the desired stoichiometry were prepared by the freeze-drying process as 
described in the Chapter 2 and calcined at 900 °C for 30 min in ambient atmosphere. The X-Ray 
diffraction patterns of powders are presented in Figure 4.3.1. Excepted the presence of residual 
BaCO3 impurity, there are no other impurities observed. It was found that the samples        
Ba2Y1+xNb1-xO6-δ are single-phase in the range 0≤ x ≤0.2 and the diffraction pattern could be indexed 
in a cubic structure of double perovskite (space group Fm  m). The degree of order generally increases 
with increasing synthesis temperature. The amount of cation ordering is, therefore, primarily 
controlled by kinetic processes and not by thermodynamic equilibrium considerations. So, it means 
that consistent with a low temperature synthesis route, Ba2Y1+xNb1-xO6-δ compounds could also 
indexed in disordered perovskite system.  
 
 
Figure 4.3.1 X-Ray diffraction of powders Ba2Y1+xNb1-xO6-δ calcinated at 900 °C for 30 min 
 
4.3.1 Structural characterization of sintered pellets 
Powders were pressed into pellets under pressure 750 MPa, and sintered at 1450 °C for 24 h to 
obtain the dense materials. Figure 4.3.2 presents a color change of the samples Ba2Y1+xNb1-xO6-δ from 
yellow to white with increasing of Y3+ dopant content. In connection with this, it could be seen a 
decrease of density of the sintered samples. The XRD patterns of the sintered Ba2Y1+xNb1-xO6-δ are 
shown in Figure 4.3.3. Data were collected over the angular range from 10° to 90° with step of 0.02°. 
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To simplify notation hereinafter, the names of compounds are written in a form (BYNO_percent of 
dopant content), for example Ba2Y1.25Nb0.75O6-δ = BYNO_25. The results of the X-Ray difraction 
measurements show that all the samples except for BYNO_25 present in a single phase, the peak 
corresponding to the phase of Y2O3 impurity being not detected. Solid solutions are formed till 20 % 
of yttrium doping. The XRD data were indexed with a cubic unit cell with a space group Fm  m. The 
diffraction profiles of all the compounds showed the existence of the super lattice reflection at 2θ ≈ 
18° (see Figure 4.3.4).  It is concluded that these compounds are ordered perovskites and their lattice 
parameters are double those of the single perovskite. The degree of ordering is nevertheless difficult to 
evaluate at this stage. The cell parameters, volume and relative densities of sintered compounds are 
summarized in Table 4.8. It can be noticed that density of sintered samples is decreasing with the 
increase of Y3+ content.  
 
 
Figure 4.3.2 The color change of the Ba2Y1+xNb1-xO6-δ samples depends on the dopant concentration 
 
 
Figure 4.3.3 X-Ray diffraction of pellets Ba2Y1+xNb1-xO6-δ sintered at 1450 °C for 24 h.  
(*) indicates a presence of impurities of Y2O3 
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Figure 4.3.4 Enlarged section in a range of diffraction angles 2θ = 17-23° showing the basic (111) and 
(200) reflections of Ba2Y1+xNb1-xO6-δ at room temperature. (*) indicates a presence of Y2O3 impurity 
 
 
Table 4.8 Cell parameters, volume and relative densities of compounds Ba2Y1+xNb1-xO6-δ 
sintered at 1450 °C for 24 h 
 
 
x (Y), % 
 
 
a, Å 
 
Unit cell 
volume, 
Å3 
 
 
Space group 
 
 
Relative 
density, 
% 
0 8.4128(2)    595.437 Fmγ m 96 
5 8.4054(1)    593.864 Fmγ m 95 
10 8.4093(3)    594.681 Fmγ m 96 
15 8.4202(5)    597.008 Fmγ m 94 
20 8.4252(3)    598.060 Fmγ m 91 
25 8.4318(1)    599.475 Fmγ m 80 
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Figure 4.3.5 Evolution of cell parameters as a function of Y3+ content of Ba2Y1+xNb1-xO6-δ compounds 
 
The original structural information given by Woodward et al. [47] was used as a model for the 
refinement of the structure of Ba2Y1+xNb1-xO6-δ. Figure 4.3.6 shows a crystal structure of Ba2YNbO6. It 
consists of rock salt ordering of Y3+ and Nb5+ cations, the oxygen atoms are slightly shifted away from 
Nb along the pseudo-cubic [100]p-axis, resulting in two distinct YO6 and NbO6 octahedra. It is 
generally accepted that the extent of ordering in double perovskites is influenced by the differences in 
the charge and size of the octahedral-site cations [31], as well as bonding characteristics of the 
octahedral-site cations. Furthermore, the degree of long-range order is often kinetically limited and 
thus synthetic conditions can also play an important role [34, 47]. In a case of Ba2YNbO6 it is difficult 
to determine the degree of cation ordering from the XRD data because Y3+ and Nb5+ are formally 
isoelectronic. In spite of their difference in ionic radius, this can easily lead to the incorrect assumption 
that Y3+ and Nb5+ cations are completely disordered. Yet, yttrium(III) and niobium(V) have an 
oxidation state difference of two and more importantly a large difference in ionic radii (0.260 Å). This 
combination should stabilize a highly ordered arrangement of yttrium(III) and niobium(V) [31]. 
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 (a) (b) 
Figure 4.3.6 View of the double cubic perovskite structure Ba2YNbO6  in the direction [001] (a) and 
showing  NbO6/YO6 octahedra (b), Ba and O atoms (small red circles) 
 
Rietveld refinements in the space group Fmγ m yielded satisfactory results. Figure 4.3.7 depicts 
the observed, calculated and difference XRD profiles for Ba2YNbO6 and (b) BYNO_15 after final 
cycle of refinement. It can be seen that the profiles for observed and calculated one are in a good 
agreement, that can be confirmed with R-factors (see Table 4.9). The refined cell parameters at room 
temperature for Ba2YNbO6 and BYNO_15 are a = 8.4128(2) Å and a = 8.4202(5) Å respectively. The 
lattice information as obtained for Ba2YNbO6 is in good agreement with the literature report [47]. 
Detailed information of structure of  BYNO_ 15 including atomic positions and Wyckoff coefficients 
are listed in Table 4.9. 
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Figure 4.3.7 Diagram of XRD powder diffraction data for (a) Ba2YNbO6 and (b) BYNO_15  refined 
by Rietveld method 
 
 
Table 4.9 Structural parameters and reliability factors for the Rielveld refinement of BYNO_15 
x = 0.15 Ba2Y1.15Nb0.85O6-δ 
Cell parameters 
Space group 
a = 8.4202(5) Å 
Fmγ m 
Atom Wyckoff x, y ,z positions 
Ba 8c x = 0.25000, y = 0.25000, z = 0.25000 
Y 4a x = 0, y = 0, z = 0 
Nb 4b x = 0.50000, y = 0.50000, z = 0.50000 
O 24c x = 0.22758, y = 0, z = 0 
RBragg, Rf RBragg =  10.4, Rf = 11.2 
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Table 4.10 represents bond lengths for the BYNO_15 at room temperature. The Y–O bond 
length is 2.2911 Å, which are very close to the values of the sum of Shannon’s ionic radii of the 
corresponding ions (2.3 Å). On another hand, Nb–O bond length is 1.9204 Å and this value is shorter 
than the Nb–O bond length calculated from Shannon’s ionic radii, 2.04 Å. This result indicates the 
existence of the covalency in the Nb–O bond in this compound. The Ba–O bond distance, 2.9837 Å, is 
also in agreement with the sum of the ionic radii (3.01 Å). 
 
Table 4.10 Interatomic distances (Å) in BYNO_15 
Bond Me – O Interatomic 
distance, Å 
Number of 
bonds 
Y–O(1) 2.2911 6× 
Nb–O(1) 1.9204 6× 
Ba–O(1) 2.9837 12× 
 
In order to measure thermal expansion coefficient of this group of materials, high-temperature 
X-Ray diffraction experiments were performed. A study of the cell parameters as a function of 
temperature has been carried out under air on powder samples, and the resulting expansion 
coefficients between 295 K and 995 K are summarized in Table 4.11. Profile matching of the XRD 
pattern was performed using FullProf suite program using a LeBail fitting. Atomic parameters were 
not refined. All unit cell parameters increase with temperature and as expected no temperature induced 
phase transition was observed. 15% Y-doped Ba2YNbO6 (BYNO_15) as an example is presented in 
Figure 4.3.8. The indexation of the peaks is done considering a cubic perovskite structure in a space 
group Fmγ m. The evolution of the lattice parameter with temperature is shown in Figure 4.3.9. Values 
of TEC are in the usual range for fuel cell applications [30], and there is a small increase of the 
expansion coefficients αL going from small concentrations of yttrium (III) to greater ones. 
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Figure 4.3.8 High-temperature X-Ray diffraction of BYNO_15 powder at different temperatures with 
cubic phase 
 
 
 
 
Figure 4.3.9 Cell parameter of Ba2Y1+xNb1-xO6-δ at different temperatures 
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Table 4.11 Thermal expansion coefficient of Ba2Y1+xNb1-xO6-δ sintered at 1450 °C for 24 h 
Dopant content, %  TEC, K-1  Temperature range, K  
0 8.36*10-6 (±0.01) 400-1000  
5 8.39*10-6 (±0.01) 300-1000 
10 8.69*10-6 (±0.01) 400-900 
15 8.81*10-6 (±0.01) 300-900 
20 8.87*10-6 (±0.01) 300-1000 
25 9.31*10-6 (±0.01) 400-1000 
 
 
 
4.3.2 Microstructural characterization of sintered pellets 
The polished pellets were thermally etched (Tetching = Tsintering – 100 °C), and the microstructures 
were observed by using SEM. Figure 4.3.10 shows the SEM images of samples sintered at 1450 °C 
for 24 h. All specimens for x values equal or below 0.15 were quite dense, with relative densities of 
approximately 94–96 %. Extremely sparse, small pores were present in the grain boundaries or trapped 
inside the grains. The micrograph exhibits the polycrystalline texture of the material. As can be seen 
the samples consist of large grains with clean grain area. The average grain size also increased 
significantly with increasing amount of Y, e.g., from 1 to 5 ȝm.  
Figure 4.3.11 and Figure 4.3.12 depict the EDX pattern and maps for the constituent ions of 
BYNO_15. All the peaks in the EDX pattern have been assigned to the elements present in BYNO_15. 
No further semi-quantitative analysis was performed. The EDX mapping clearly indicates the 
chemical homogeneity of the sample. Figure 4.3.12 shows the distribution of  Ba, Y, Nb and O (K, L-
lines) in the grain volume. The color scale corresponds to the element content at a given point in the 
surface at. %. It can be seen uniform distribution of all components in the polycrystalline volume, 
even if a slight contrast is observed for yttrium. 
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Figure 4.3.10 SEM pictures of pellet surface of Ba2Y1+xNb1-xO6-δ (x=0, 0.05, 0.1, 0.15) sintered at 
1450 °C for 24 h 
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Figure 4.3.11 Energy-dispersive analysis of pellet surface of BYNO_15 and characteristic shape of 
the spectrum 
 
  
Figure 4.3.12 Distribution of Ba, Nb, Y and O (K, L-lines) in the grain volume for BYNO_15 
 
4.3.3 Chemical stability 
In order to study the yttrium content dependence of chemical stability in different conditions, 
we studied the stability of samples under different atmospheres, including wet Ar, 5%H2/Ar and CO2, 
and also in boiling water. All powders from the Ba2Y1+xNb1-xO6-δ series were investigated in boiling 
water. Figure 4.3.13 shows that after 10 h of boiling water treatment, the main phase is not changed 
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but could be noticed a small presence of BaCO3 phase from X-ray diffraction pattern.  
 
 
Figure 4.3.13 XRD patterns of powders of (a) BYNO_5 and (b) BYNO_10 in boiling water for 10 h; 
* - BaCO3 
 
Pellets of all compositions Ba2Y1+xNb1-xO6-δ  were treated thermally at 600 °C for 50 h under 
wet CO2 and 600 °C for 50 h under wet 5% H2/Ar. The X-ray diffraction patterns are shown in Figure 
4.3.14 and Figure 4.3.15, respectively. No extra-phases or phase changes were observed on these 
diffractograms. Figure 4.3.16 under wet 5% H2/Ar it could be seen a slight color change of the pellet 
surface, because of a potential reduction of Nb5+. 
 
 
Figure 4.3.14 XRD patterns of pellet surface of (a) Ba2YNbO6 and (b) BYNO_10 in wet CO2  
at 600 °C for 50 h 
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Figure 4.3.15 XRD patterns of pellet surface of (a) Ba2YNbO6 and (b) BYNO_10 in wet Ar+H2 at 600 
°C for 50 h 
 
 
 
Figure 4.3.16 The pellet surface of Ba2Y1+xNb1-xO6-δ in wet Ar+H2 at 600 °C for 50 h 
 
4.4 Transport properties 
There is no reported study of single phase Ba2Y1+xNb1-xO6-δ to the best of our knowledge using 
impedance spectroscopy (IS). This section presents the results of a study of the electrical properties of 
the Ba2Y1+xNb1-xO6-δ phases by varying environmental parameters (T, pO2). 
4.4.1 Transport properties as a function of T. Analysis of impedance spectra 
Impedance spectroscopy (IS) was performed on dense pellets with both sides coated with 
golden paint as electrodes, using a Solartron 1260 Frequency Response Analyser in the 1 MHz – 0.1 
Hz frequency range under mixture of wet and dry Ar+H2 in the temperature range 300 – 900 °C. 
Conductivity measurements were also performed under dry and wet argon, but because of low 
conducting properties of ceramics it was not possible to extract data from the impedance spectra below 
700 °C because of the limit of impedancemeter, see Figure 4.4.1. 
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Figure 4.4.1 Degradation of impedance spectra with temperature under dry Ar for Ba2Y1+xNb1-xO6-δ 
 
The modeling of the impedance spectra was done by using ZView software. It gives access to 
the values of the conductivity for the different contributions. The calculations used the resistance value 
of the sample obtained by extrapolation of the first semi-circle on the x-axis. Typical Nyquist plots are 
presented on the Figure 4.4.2. These graphs are representative of the general aspect of impedance 
spectra observed in the whole series of samples. It can be seen that the spectrum consists of one 
semicircle which lies in the range of high frequencies. As shown in this figure it was not possible to 
separated bulk and grain boundaries contributions at all range of temperatures. Under wet atmosphere, 
the impedance of sample diminishes strongly as compared to dry atmosphere. This sensitivity of the 
electric conductivity to the presence of water vapor in the gas phase indicates the appearance of proton 
conduction contribution. 
Figure 4.4.2 The Nyquist plots of Ba2Y1+xNb1-xO6-δ in dry and humidified Ar+H2 at different 
temperatures: 700 °C (a), 600 °C (b) and 500 °C (c) 
 
Figure 4.4.3 shows the Arrhenius plots of the total conductivity determined by IS for 0 ≤ x(Y) ≤ 
20 %. All samples exhibit similar Arrhenius type of behavior. The partial replacement of 20 % of 
niobium by yttrium noticeably improves the conductivity. For example, it increases from 1.2 × 10−5 to 
2.5 × 10−4 S*cm−1 at 800 °C. This difference is even more pronounced at lower temperatures. Besides, 
the activation energy decreases from 1.21 to 0.78 eV, still in the range of typically ion conducting 
crystals. However, the decrease of activation energy upon substitution seems to point to a change in 
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the nature of carriers, likely dominated by intrinsic defects in the parent material and by extrinsic 
defects in the Y-substituted ones. 
 
 
 
Figure 4.4.3 Arrhenius plots of total conductivities of Ba2Y1+xNb1-xO6-δ in dry and wet Ar+H2.  
BYNO_0 (●- dry atm, ○- wet atm), BYNO_10 (●- dry atm, ○- wet atm), BYNO_15 (●- dry atm, ○- 
wet atm), BYNO_20 (●- dry atm, ○- wet atm) 
 
Conductivity values of undoped Ba2YNbO6 are quite low at all temperatures. With increasing 
humidity values of the total conductivity Ba2YNbO6 vary little, the sample is hardly affected by water 
vapor. For the other samples Ba2Y1+xNb1-xO6-δ conductivity curves can be approximated by straight 
lines with different activation energies in a high temperature (HT, above 750 °C) and low temperature 
(LT, below 750 °C) range, see Table 4.4.1. At HT range it could be seen a change of activation 
energies because of change of charge carrier: from oxygen-ion to electron one. That was proved by 
conductivity measurements versus pO2, which will be shown below. In a humid atmosphere we 
observed an increasing of conductivity at temperatures below 800 °C. The difference in the values of 
the conductivity reaches 0.5 orders of magnitude. This is probably due to the presence of proton 
conductivity contribution.  
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Table 4.4.1 Activation energy for conduction properties of Ba2Y1+xNb1-xO6-δ compounds under Ar+H2 
atmosphere 
 
Composition 
HT range, eV LT range, eV 
Dry Ar+H2 Wet Ar+H2 Dry Ar+H2 Wet 
Ar+H2 
Ba2YNbO6 0.64 0.64 1.21 1.21 
Ba2Y1.1Nb0.9O6-δ 0.50 0.49 0.89 0.89 
Ba2Y1.15Nb0.85O6-δ 0.70 0.70 0.85 0.85 
Ba2Y1.2Nb0.8O6-δ 0.55 0.55 0.78 0.78 
 
Figure 4.4.4 shows the concentration dependence of the total conductivity of solid solutions 
Ba2Y1+xNb1-xO6-δ. The formation of oxygen vacancies by doping in the Ba2YNbO6 structure induces a 
significant increase of the ionic conductivity. The maximum difference between dry and wet atm 
observed for the Ba2Y1.2Nb0.8O6-δ.  
 
 
 
Figure 4.4.4 Evolution of total conductivity values of Ba2Y1+xNb1-xO6-δ with temperature in wet Ar+H2 
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4.4.2 Transport properties as a function of p(O2) 
Considering that aliovalent substitution induces oxygen vacancies, the enhancement of 
conductivity can be ascribed to improvement of the ionic conductivity associated with such a type of 
defect. Therefore, to further investigate this hypothesis and the possible participation of other defects, 
the dependence of conductivity on the oxygen partial pressure p(O2) has been studied. Figure 4.4.5  
illustrates the p(O2) dependence of total conductivity at different temperatures for Ba2Y1+xNb1-xO6-δ   
(0 ≤ x ≤ 0.2).  
 
 
 
Figure 4.4.5 Log (p(O2)) dependency at (a) 800 °C, (b) 750 °C, (c) 700 °C, (d) 650 °C for various 
compounds of Ba2Y1+xNb1-xO6-δ 
 
For all samples we could observed two major regions:  
 at high and intermediate p(O2) ≥ 10-6, the conductivity is relatively stable. This is an 
indication of a pure ionic (mixed oxide/protonic) conduction;  
 at low p(O2), we observe a complete change in conductivity. We assumed that in our case, 
the reducibility of Nb5+ plays a key role in this change in conductivity, enhancing the electron 
transport. Equation (4.4) represents oxygen vacancies and electron formation upon reduction:                         (4.4) 
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In this case, we assume the high temperature behavior in wet H2 atmosphere is essentially of 
electronic nature. While the low temperature behavior in wet H2 also presents a proton transport 
contribution. This should be confirmed by further experiments with measurements under D2O.  
 
4.5 Molecular dynamics simulations 
In order to understand better why the level of ion conduction is so low in Ba2Y1+xNb1-xO6-x in 
spite of high doping levels and adequate microstructure, we performed Molecular dynamics 
simulations. The idea behind these simulations is to be able to correlate the (bad) oxygen diffusion 
coefficient with some specific mechanism at the atomic scale. 
4.5.1 Calculations details 
MD simulations were done with the DLPOLY Classic code [73, 74] using a supercell of 8×8×8 
cubic perovskite unit cells (containing for the undoped phase 512 Ba, 256 Y, 256 Nb, 1536 O atoms). 
Different compositions were tested corresponding to the formula Ba2Y1+xNb1-xO6-x with x = 0.00, 
0.05 , 0.10, 0.15, 0.20. For the undoped compound, Y and Nb atoms were ordered according to the 
double perosvkite structure presented above. For the doped compounds, Nb atoms were substituted 
randomly by Y atoms. For doped compounds, oxygen vacancies induced by yttrium doping were also 
distributed randomly. During these simulations, the system was first equilibrated at temperatures 
between 1500 and 1900 K and at zero pressure for 20,000 time steps with a time step of 1 fs in the 
isothermal-isobaric (NPT1) ensemble with the Nosé-Hoover thermostat. Afterwards, the equilibrium 
lattice parameters were calculated with 100,000 time steps more. Then, simulations were performed in 
the NVT2 mode during 100,000 time steps, after a 10,000 equilibration steps. Finally, NVE3 
simulations were realized corresponding to 1,000,000 to 2,000,000 time steps. Trajectories were 
analyzed from these latter simulations. 
For such simulations, interactions between ions were described by a long-range Coulombic term 
calculated by Ewald summation and a short-range Buckingham pair potential. For Coulombic 
interactions, the formal charges +2, +3, +5 and −2 were used respectively for Ba, Y, Nb and O ions. 
The use of formal ionic charge was shown to describe correctly the dynamical features of atoms in 
most oxide compounds.  
 
The Buckingham potential is described by:                                (4.5) 
 
                                                          
1
 NPT : Constant number N of particles, constant pressure P, constant temperature T 
2
 NVT : Constant number N of particles, constant volume V, constant temperature T 
3
 NVE : Constant number N of particles, constant volume V, constant energy E 
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where r is the distance between the atoms i and j, and Aij, ρij and Cij are potential parameters 
specific to each ion pair whose values are given in Table 4.5.1. The set of potentials was taken from 
previous studies, which were shown to reproduce correctly oxide materials properties. 
 
Table 4.5.1 Inter-atomic Buckingham potentials used for energy minimisation and molecular 
dynamics calculations. M-O interactions are taken from: Ba-O [75], Y-O [75], Nb-O [76], O-O [75] 
Interaction A (eV) ρ (Å) C (eV.Å6) 
Ba2+ - O2- 931.7 0.3949 0.0 
Y3+ - O2- 1345.10 0.3491 0.0 
Nb5+ - O2- 1333.44 0.36404 0.0 
O2- - O2- 22764.3 0.149 27.89 
 
4.5.2 Results  
4.5.2.1 Room temperature simulations  
Using the presented potential, we simulated the undoped ordered phase Ba2YNbO6 at room 
temperature. The results of such simulation give precious information on structural aspects and are 
compared to the experimental values.  
 
Table 4.5.2 Structural data at room temperature for Ba2YNbO6 as obtained from diffraction 
experiment [46] and from MD simulations 
 Experimental 
value 
Calculated 
value 
Error 
Cell parameter, a 8.431589 Å 8.52056 Å + 1.05 % 
 
x, oxygen atomic 
position (x, 0, 0) 
0.2665 0.2722 + 2.0 % 
Ba-O distance 2.984 Å 3.018 Å + 1.1 % 
Y-O distance 2.247 Å 2.319 Å + 3.2 % 
Nb-O distance 1.969 Å 1.941 Å - 1.4 % 
 
This table indicates a rather good agreement between observed and calculated structural 
properties, in particular for the cell parameter of the undoped phase whose error remains close to 1%. 
Nevertheless, the error on interatomic distance reaches several percents, which clearly indicates the 
limits of such simple potentials. We actually tried other potentials found in literature but the results 
Chapter 4 Synthesis, structure and electrical properties of Ba2Y1+xNb1-xO6-δ 
 
- 118 - 
were worse than the ones presented here. These results validate the use of such potentials to describe 
atomic scale diffusion mechanisms, even if some error might be expected due to the very simple 
nature of the potential considered. From our experience, the calculations presented here would 
qualitatively reproduced the real mechanisms but might fail to evaluate precisely the activation energy 
of diffusion coefficient. 
4.5.2.2 High temperature simulations  
From high temperature, we can extract information concerning the dynamics and displacement 
of ions, in particular oxygen anions. On the following graph, we plot the mean square displacement of 
all atoms constituting the BYNO_20 compound. In Figure 4.5.1, we separated the Yttrium atoms on 
Y-site from the Yttrium atoms on Nb-site.  
 
      
 
 
Figure 4.5.1 Mean square displacement for ions for the BYNO_20 sample at 2000 K (a) Ba, Y 
and Nb ions (b) O ions 
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This figure evidences first that cations remain on their site, their displacement corresponding to 
a simple vibration. The highest vibration is nevertheless observed for the yttrium on Nb site (dopant 
atom) despite being a big atom on a small site. For oxygen ions, we observe that the mean square 
displacement becomes asymptotic with a straight line with non-zero slope, indicating that oxygen ions 
have a long range diffusion. The fitting of this curve with a straight line allows obtaining diffusion 
coefficient as deduced from the Einstein’law : 
DttMSD 8)( 
      (4.6) 
Where MSD is the Mean Square Displacement, D is the diffusion coefficient and t is the time. 
This formula supposes 8 possible jumps for each oxygen ion, which corresponds to the number of first 
nearest neighbors in the perovskite structure.   
The results of extracted diffusion coefficients are plotted in Figure 4.5.2. We must precise here 
that in some cases (low doping level; low temperature), the diffusion coefficient was extracted from 
very small values of Mean Square Displacements (MSD < 0.01 nm2) which correspond to less than 1 
Å displacement. This would mean that low diffusion coefficients should be considered with caution, 
even if the qualitative behavior remains valid. The diffusion coefficients for the best BYNO doped 
compound are roughly 2 orders of magnitude smaller than the one calculated for Yttrium-doped 
zirconia (8YSZ) with the same approach, in spite of presenting a similar amount of oxygen vacancies 
(3.3% of oxygen vacancies on oxygen sites for BYNO_20 against 3.75% for the 8YSZ case). These 
simulations thus confirm that a low diffusion coefficient and thus a low oxygen ion conduction should 
be expected in such compounds.  
  
 
 
Figure 4.5.2 Diffusion coefficients as extracted from MD simulations for compositions 
Ba2Y1+xNb1-xO6-x with x = 0.05, 0.10, 0.15, 0.20 
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In order to understand better the origin of these bad diffusion coefficients, we used the same 
Molecular dynamics simulations to give insight on the atomic scale mechanisms. On the following 
graph (Figure 4.5.3), we present the environment of Yttrium, Niobium and Yttrium dopant atoms for 
the highest doped compound (BYNO_20) at a temperature of 1500 K. 
 
 
Figure 4.5.3 Coordination number of Y atoms on Y-site, of Nb atoms on Nb-site and of Y 
atoms on Nb-site for the BYNO_20 compound at 1500 K 
 
This previous graph clearly shows that the environment of the different cations on B site differ 
strongly depending on cation/site nature. Niobium atoms show a 6-fold environment, Yttrium atoms 
on Y-site show a coordination number slightly below 6 in agreement with the total oxygen content 
(5.8 oxygen atoms per formula  in BYNO_20 instead of 6 in the undoped compound), while yttrium 
atoms on Nb-site have a 5-fold environment. This later result is particularly interesting. It indicates 
that the oxygen vacancies created by Yttrium doping almost always locate on a site close to this 
dopant (6 sites possible). While the doping level is low, a long range diffusion would suppose that 
oxygen vacancies also locate close to Niobium atoms which does not seem to be possible in this 
material. Thus, the only way for oxygen vacancies to participate to long range ion diffusion is to 
percolate from a site close to a Y dopant to another site close to a Y dopant. This of course implies that 
the doping level is not low.  
The main result from our simulation was thus to confirm that oxygen diffusion is low in Y-
doped Ba2YNbO6 compounds, this being due to the fact that Yttrium dopant located on Nb-sites act as 
strong trap for oxygen vacancies. This strong trapping effect can be related to the great difference of 
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size between Niobium atoms (rNb5+ = 0.64 Å) and Yttrium dopants atoms (rY3+ = 0.90 Å). The location 
of an oxygen vacancy close to the Yttrium dopant atom allows relaxing slightly the induced stress. 
This simulation also suggests that a significant improvement would be to dope niobium sites with 
trivalent atoms with radius close to the one of Niobium. Gallium (rGa3+= 0.62 Å) might be a good 
candidate. 
4.6 Transmission Electron Microscopy (TEM) 
 
4.6.1 Objective 
Basing on the previous results of molecular dynamics, it was particularly interesting to try to 
explore the local chemistry of doped BYNO compounds with Transmission Electron Microscopy 
(TEM). The main purpose of this study was to confirm the scenario proposed in paragraph 4.5: 
Yttrium dopants go on Nb site and the induced oxygen vacancies tend to locate around these dopant 
atoms i.e. are not free to move at long range in the material (only at short range around Y dopant 
atoms).   
To achieve this, the first idea was to be able to observe the ordered structure in both undoped 
and doped compounds, taking benefit from the possible high resolution EDX-based element mapping 
from the available microscope (see below). Second, once this ordered structure could be observed in 
undoped and doped compounds, we wanted to have precise information of the environment of yttrium 
atoms located on Nb-sites (observable in Nb columns in ordered compounds). This information could 
be obtained by High resolution EELS where the environment of a Yttrium in 5-fold or 6-fold 
environment could be distinguished.  
 
4.6.2 Description of the experiment 
4.6.2.1 Principle of the Focus Ion Beam 
The focused ion beam (Focused Ion Beam, FIB) is a thinning technique used primarily for 
creating cuts (cross-sections) of a sample for submission to a method of imaging by electron 
microscopy (SEM or TEM ). This technique uses an ion beam with an energy of about 30 keV, 
focused on the sample surface. The interaction of these ions with the material causes the movement of 
atoms (or ions). The successive collisions between the atoms of the material eventually expel a portion 
of the surface of it, it is called sputtering. To prepare the FIB cuts, the ion gun is coupled with a 
conventional electron gun (type SEM). In addition, a micromanipulator and a micro-injector used to 
weld and transport the sample very precisely and for example installing it on a microscope in 
transmission grid. The energy of the incident ions is a particularly important parameter since if the 
energy is too low, no material spray (or at least the yield will be poor); but conversely if energy is too 
large, the ion only foothold in the material. 
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4.6.2.2 FIB preparation for TEM  
Several steps are needed to obtain a thin section from a solid sample for TEM observation 
(Figure 4.6.1). First of all, platinum is deposited on the sample surface (Figure 4.6.1, a). This 
sacrificial plate serves to protect the sample during cutting, since the implanting gallium ions focused 
on the first few nanometers in depth. Thus, only the platinum layer will be polluted by gallium. Then 
the material is sprayed from both sides to release a thin lamella (Figure 4.6.1, b). This strip is then 
welded to the micro-manipulator (Figure 4.6.1, c) and then installed on the transmission grid (Figure 
4.6.1, d) where the final thinning takes place until the sample becomes transparent to electrons. FIB 
lamella is represented on the Figure 4.6.2. 
 
 
Figure 4.6.1 Different stages of a FIB cutting 
 
4.6.3 Results 
Analyzes were performed with an electron microscope equipped with a spherical aberration 
corrector Cs to achieve atomic resolution STEM method (~ 0.5 Å) and an HAADF detector (High 
Angle Annular Dark Field) giving a chemical contrast proportional to the atomic number Z (~ of Z1.5 
to Z1.8) [77, 78]. The advantage of this technique is a possibility to make an image with the certainty 
arrangement of heavy atoms. Thus, the elements Ba, Nb and Y are brighter than oxygen (which is not 
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heavy enough to produce a contrast, so it is not clearly visible). Therefore, the local chemical and 
structural information given by this technique will help us better understand the cationic order in the 
layers of material. STEM analyzes were performed on a cutting lamella which was obtained from the 
pellet of  Ba2Y1.1Nb0.9O6-δ material. This lamella has a uniform thickness of about 80 nm (see Figure 
4.6.2). 
 
 
Figure 4.6.2 STEM image of FIB lamella of BYNO_10 material 
 
Images HRSTEM-HAADF of Ba2Y1.1Nb0.9O6-δ compound, following the directions [111], [001] 
and [110], and also the Fast Fourier Transform (FFT) are shown in Figure 4.6.3. The arrangement of 
the atomic planes of  BYNO_10 material shown next to each image to properly visualized following 
cation order for each crystallographic orientation (Figure 4.6.3 c, f, i.) [46]. Following the zone axis 
[111], it was not possible to identify the cationic order of elements because the Y is superimposed by 
Ba and Nb. On the STEM image, there is a homogeneity of the spots intensities of atomic columns 
(Figure 4.6.3 , a). Similarly, for the zone axis [001], the Y is superimposed with Nb. Only Ba columns 
can be identified because they are more intense (Ba is heavier than the Y and Nb). Ba columns are also 
easily observed along the zone axis [110] because they are more intense compare to the columns of Y 
and Nb. The representative scheme of the unit cell shows the presence of a periodicity between the Y 
and Nb in this direction. This periodicity manifests as superstructure reflections which are clearly seen 
on the FFT [110] (reflections of low intensities indicated by the yellow arrows, Figure 4.6.3 h). The 
presence of superstructure reflections also shows that BYNO material structure is described in a right 
space group Fm  m [40]. On the HRSTEM images, the intensities of the columns of Y and Nb are very 
similar that’s why it is difficult to distinguish them. To check the cationic order, we have performed a 
chemical analysis at the atomic scale. Unfortunately, the quality of chemical mapping obtained by the 
spectrometer EDS-super X was bad. Indeed, inadequate thickness of the FIB lamella induced a high 
background on the chemical analyzes. 
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Figure 4.6.3 HRSTEM-HAADF images of  BYNO_10 compound at different zone axis:  
(a) [111], (d) [001] and (g) [110].  
(b), (e) and h) Fast Fourier Transform of HRSTEM pictures of (a), (d) and (g) respectively.  
(c), (f) and( i): schematic representations of the unit cell along the zone axis BYNO_10: [111], [001] 
and [110] respectively. The colors green, blue, yellow and red correspond to atoms of Ba, Y, Nb and 
O, respectively 
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Some simulations were also carried out. The results show a slight difference between the intensities of 
Nb and Y columns, confirming the possibility to reveal the existence of a cationic order within BYN 
material (Figure 4.6.4). This study will be followed by high resolution EELS analyzes to verify the 
results of the numerical simulation. In this case, the sample will be prepared by FIB so as to obtain a 
maximum thickness of 20-30 nm. 
 
 
 
Figure 4.6.4 (a) simulating the HRSTEM picture following the zone axis [110], (b) intensities of Y 
and Nb according to the profile line drawn in (a) 
 
4.7 Conclusion 
We have successfully synthesized Ba2Y1+xNb1-xO6-δ series dense compounds by freeze-drying 
method. All materials present a cubic perovskite structure with cell parameters following the evolution 
of mean radius on B-site. Electron diffraction patterns obtained from TEM confirm as well a cubic 
structure of double perovskite (space group Fm  m). Atomic columns of Ba and (Y, Nb) are easily 
distinguished following the zone axis [110] but the degree of ordering is nevertheless difficult to 
evaluate because of the thickness of lamella made by FIB is too high. There is thus further need for 
structural and chemical analysis at the atomic scale using EDS and EELS techniques. All doped 
compounds are oxygen ion conducting at high temperature and present an electronic-like type of 
behavior under hydrogen. The best conduction properties are observed for higher yttrium contents and 
it reach 2.5×10−4 S.cm−1 at 800 °C. Figure 4.4.5 presents a comparison of conductivity values of 
different materials with double perovskite structure as reported in the literature. It could be noticed 
that BYNO_20 has quite similar conductivity as Sr2LuNbO6 [62]. 
 
NbY NbY NbY Y
a) b)
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Figure 4.4.5 Total conductivities for different double perovskites in dry Ar+H2 (Sr2LuNbO6, 
Sr2LuNb1-xTixO6-δ, Ba2YNbO6, Ba2Y1.2Nb0.8O6-δ) and in dry air (Ba2InNbO6, Ba2InTaO6) 
 
To conclude this study, we can say that the proton conduction properties were slightly improved 
with the partial substitution of niobium by yttrium. The stability of Ba2Y1+xNb1-xO6-δ compounds was 
investigated under different atmospheres and conditions. Under CO2 and Ar+H2 mixture the Y-doped 
compounds get partially reduced. After treatment in boiling water for after 10 h, could be noticed the 
main phase contains a small amount of BaCO3.  
The main result from MD simulations was thus to confirm that oxygen diffusion is low in Y-
doped Ba2YNbO6 compounds, this being due to the fact that Yttrium dopant located on Nb-sites act as 
strong trap for oxygen vacancies. This strong trapping effect can be related to the great difference of 
size between Niobium atoms (rNb5+ = 0.64 Å) and Yttrium dopants atoms (rY3+ = 0.90 Å). 
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5.1 Introduction 
5.1.1 Structure of Barium Zirconate 
Barium zirconate, BaZrO3, is one of the most studied compounds with the perovskite-related 
structure. Because of its very high melting point (2920 °C) and low chemical reactivity with corrosive 
compounds, BaZrO3 is an interesting material for the refractory industry and a good candidate for 
manufacturing high temperature superconductors [1-3]. In addition, BaZrO3 has excellent thermal 
stability and resistance due to a low coefficient of thermal expansion (0.87×10−5 / °C between 25 and 
1080 °C) [4, 5]. These physical properties make BaZrO3 an ideal candidate for applications as 
crucibles when conducting reactions in presence of corrosive oxide melts, substrates for thin films 
deposition, and for thermal barrier coatings in aerospace industries. In addition, barium zirconate is a 
potential material as humidity sensor [5]. When doped, it has attracted many researchers as an 
electrolyte of intermediate temperature operating Solid Oxide Fuel Cells (IT-SOFC), because it shows 
the highest proton conductivity among the perovskite type proton conductors which have high 
chemical stability in CO2 containing atmospheres [6, 7].  
Yttrium is regarded as the most suitable dopant for BaZrO3 to obtain the highest proton 
conductivity (with yttrium doping content between 5 % and 20 % of the B-site), presumably as a 
result of its good ionic radius match to Zr. Much research effort has been devoted to achieving BZY 
with high stability, conductivity, and sinterability, by choosing different chemical and physical 
preparation methods, while the fundamental structure-property relationships have been rather 
overlooked in the last years [8-15]. Unfortunately, these compounds require very high sintering 
temperature to achieve densities of over 90%: for example, Duval et al. [15] obtained 91 % dense 
BZY10 after 24 h at 1720 °C, Iguchi et al. [17] reported a densification between 96 and 98 % while 
sintering BZY5 at 1700 to 1800 °C and Katahira et al. [6] obtained BZY10 with density exceeding 95 
% after 5 h at 1800 °C. One should also be aware that barium evaporation can occur during sintering at 
high temperature, with a detrimental effect on the conductivity [18]. Yttrium doped barium zirconate, 
BaZr1-xYxO3-δ, is commonly accepted as a single-phase, cubic perovskite (with space group Pm  m), 
similar to the undoped composition, see Figure 5.1. However, Kreuer has reported that at the 
intermediate Y content and 1700 °C sintering temperature, barium zirconate adopts a tetragonal 
structure, reverting to a cubic phase at higher Y doping (25 mol %) [12]. 
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Figure 5.1 A unit cell of the ideal BaZrO3 perovskite crystal structure [16] 
 
In an acceptor-doped barium zirconate, one possibility is the replacement of Zr4+ with Y3+ ions. 
Acceptor doping with trivalent cations onto the Zr4+ site generates oxygen vacancies as charge 
compensating defects. With a significant dopant concentration, extrinsic oxygen vacancy defects are 
the dominant species. Proton conduction then can occur via the incorporation of protonic defects as the 
result of the B-site acceptor doping. In Kröger-Vink notation, this can be written as:                                           (5.1) 
The incorporation of water into the perovskite structure is achieved by treatment in water 
vapour, in which the oxygen vacancies are replaced by protonic defects (in the form of hydroxyl ions) 
as shown by the following equation [11]:                                   (5.2) 
Protons are not part of the nominal structure, but are present as defects in equilibrium 
with ambient hydrogen or water vapor. Due to the negative enthalpy and entropy of hydration 
[12], higher temperatures result in a reversible loss of protons. 
 
5.1.1 Chemical Stability 
Stability problems in atmospheres containing water (H2O) and carbon dioxide (CO2) generally 
arise due to the typical thermodynamic instability of Ba containing oxides towards these gases. Figure 
5.2 shows the calculation results using a thermodynamic database [19] for the possible reaction: 
 BaZrO3 + H2O = Ba(OH)2 + ZrO2            (5.3) 
It can be observed that the Gibbs free energy (ΔG) for the reaction is above zero for the whole 
temperature range from room temperature to 1000 °C, suggesting that BaZrO3 is thermodynamically 
stable towards H2O. It should be emphasized that good stability over the whole temperature range (not 
only at the cell working temperatures) is important for practical applications since H2O may attack the 
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electrolyte at low temperatures during cell thermal cycles of the cooling and heating operations [20]. 
As it was shown by E. Traversa et al. [20] the BZY electrolyte film has a single phase both before and 
after the treatments in boiling water or steam at 600 °C, suggesting that the as-prepared BZY 
electrolyte shows a good chemical stability against H2O. The surface morphologies shown in Figure 
5.3 further confirm the excellent chemical stability of BZY as no damage can be observed on the BZY 
electrolyte surfaces after these treatments. 
 
 
Figure 5.2 Calculated Gibbs free energy (ΔG) for the possible reaction between BaZrO3 and H2O as a 
function of temperature. H2O is considered as being in the liquid phase below 100 °C and gaseous 
phase above 100 °C [20] 
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Figure 5.3 XRD patterns and SEM micrographs of the BZY electrolyte surfaces before and after the 
treatments in boiling water for 3 h and in steam at 600 °C for 24 h [20] 
 
5.1.2 Conductivity properties of Doped Barium Zirconate 
The literature data about the conductivity of Y-substituted barium zirconate vary by more than 
1 order of magnitude [9, 21-23]. This can be explained by differences in the synthesis and sintering 
processes (shape, size of the grains and grain boundaries), the evaporation of barium during sintering 
(leading to secondary phases or distortions of the cell) and/or the electrodes used for conductivity 
measurements: at high temperature, Pt electrodes exhibit electrode resistance effects which can be 
mistakenly ascribed to the electrolyte. According to Equations 5.1 and 5.2, it is clear that the 
concentration of protons depends on the yttrium content. Discrepancies in the conductivity of barium 
zirconate are present in literature and have been carefully summarized by Babilo et al. [24], see Table 
5.1.  
The early misinterpretation of the behavior of doped barium zirconate originates from the 
high refractory nature of this material, which results in samples with small grain sizes and high 
total grain boundary area. As a consequence, the resistive grain boundaries produce a material 
with an overall low conductivity, and, in the absence of low temperature ac impedance 
measurements (< 200 °C), the individual bulk and grain boundary contributions to conductivity were 
not resolved in the early literature. Barium zirconates exhibit lower conductivity than cerates do, 
although the bulk conductivity of barium zirconate is higher than the one of cerate [24-28]. It follows 
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that the difference is due to the grain boundary conductivity which is much lower for zirconate than 
for cerate. Many explanations have been proposed for this effect: 
-inevitable lattice distortion at intergranular boundaries which affects the mobility of protonic 
defects as well as structures arising at the boundaries with small point contact between grains [27], 
-evaporation of barium [24], 
-incorporation of yttrium in the A-site of the perovskite [24], 
-nonstoichiometry [24], 
-second phases [28]. 
 
Table 5.1 Conductivity of doped BaZrO3 as reported in the literature [24] 
 
Composition 
 
Sintering 
conditions 
Conductivity 
at 600°C 
(bulk or 
total), S/cm 
 
Conductivity 
measurement conditions 
 
Ref. 
 
BaZr0.95Y0.05O3-x 1800 °C/ 20 h 1×10-2 Wet Ar + O2 
(pH2O = 0.023 atm) 
17 
BaZr0.9Y0.1O3-x 1800 °C/ 5 h 1.1×10-3 (total) Wet H2 
(pH2O = 0.017 atm) 
6 
BaZr0.9Y0.1O3-x 1715 °C/ 30 h 3×10-3 (bulk) Wet air 23 
BaZr0.93Y0.07O3-x 1700 °C/ 1 h 5×10-4 (total) Wet air 
(room temperature water) 
14 
BaCe0.9Y0.1O3-x 1700 °C/ 10 h 1.1×10-2 (total) Wet H2 
(pH2O = 0.017 atm) 
6 
BaZr0.85Y0.15O3-x 1700 °C/ 20 h 1.6×10-3 (total) Wet N2 
(pH2O = 0.023 atm) 
7 
BaZr0.93Y0.07O3-x 1650 °C/ 10 h 3.8×10-3 (total) 
4.2×10-3 (total) 
Wet N2 (pH2O = 0.023 atm) 
Wet air
 
(pH2O = 0.025 atm) 
39 
BaZr0.9Y0.1O3-x 1400 °C/ 10 h 1.3×10-6 (bulk) Wet N2 
(room temperature water) 
9 
BaZr0.9Y0.1O3-x 1400 °C 2.8×10-4 (bulk) Wet Ar - 5%H2 
(pH2O = 0.03 atm) 
40 
BaZr0.95Y0.05O3-x 1350-1400 °C/ 20-
40 h 
1.8×10-6 (bulk) Wet N2 (pH2O = 0.031 atm) 
 
38 
 
In the BaZrO3 system, many researchers have mentioned the origins of low σsp.g.b. in the 
literature. Kreuer insisted that symmetry reduction in grain boundaries led to a decrease of proton 
mobility and concentration [7]. Many researchers discussed the decrease of effective dopant 
concentration caused by Ba evaporation and yttrium incorporation. As other origins, low grain 
boundary conductivity caused by impurity phases of SiO2 at grain boundaries were frequency reported 
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in oxygen ionic conductors [29-32]. Although those origins seemed to affect grain boundary 
conductivity more or less, contributions of those origins have been not clear yet in the BaZrO3 system. 
 
5.2 Objectives of the study 
The main purpose of our synthesis of BZY15 was to obtain dense materials for atomic scale 
characterizations of proton conductors: 
- Ion exchange depth Profile: the oblation of dense samples could allow using this material as a 
standard for calibration proton exchange measurements. 
- Atomic Probe Tomography: this method allows obtaining an atomic scale distribution of the 
elements. In our case, it could be applied on nanostructured ceramics to locate potential Y/Zr 
segregation or Ba depletion at grain boundary, this to explain the specificity of BZY15 conductivity.  
Unfortunately, for now, none of the two techniques has given the expected results, so we will 
not present them here. Due to the failure of these two advance characterizations, we decided to present 
here: 
- An extended characterization of 15% Y-substituted barium zirconate synthesised by the 
modified citrate-EDTA complexing method;  
- The study of the electrical conductivity in the temperature range 300 - 900 °C in different 
atmospheres; 
- Explore alternative densification procedures with the use of sintering aids. Characterize the 
effects of the sintering aid on sintering, microstructure and electrical properties. 
 
 
5.3 Structural and microstructural properties of BZY15 
BaZr0.85Y0.15O3-δ (BZY15) has been synthesized by a modified citrate-EDTA complexing 
method (described in the Chapter 2). The samples were calcinated in ambient atmosphere at 1000 °C 
for 5 h to yield well-crystallized BZY15 powders. Synthesized barium zirconate fine powders were 
milled using an agate mortar. The powders were axially pressed (2 MPa) into a pellet. The pre-
formed pellets were then isostatically pressed (750 MPa). The pellets were surrounded with a powder 
mixture of already sintered Y-substituted barium zirconate powder mixed with 10 % of BaCO3, as it 
was suggested by Babilo et al. [24] (Figure 5.2.1) and then sintered at 1600 °C for 24 hours. 
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Figure 5.2.1 Schematic diagram of the sintering configuration: BYZ15 green pellet covered with a 
powder mixture of BYZ15 and BaCO3 (about 10 mass %)  [24] 
 
As seen in Figure 5.2.2, all the peaks in the XRD could be indexed for BZO and there is no 
extra XRD peak is found. Figure 5.2.2 shows that the XRD pattern of BZY15 consists of strong 
peaks which are characteristics of a cubic perovskite ABO3, where A=Ba is the large ion (1.49 Å) 
suitable to the 12-coordinated cube-octahedral sites and B=Zr is the smaller ion (0.86 Å) suitable to 
the 6-coordinated octahedral site. No evidence for a distortion from the cubic symmetry is observed 
in the XRD pattern. F. Iguchi et al. [32] and Duval et al. [33] found a cubic lattice parameter, 
which is comparable (or slightly lower for [33] and slightly higher for [32]) than the results 
from this work, for substituted barium zirconate with an 15 % Y content. Above 10 mol. % of Y, 
Kreuer et al. [12] found an increasing tetragonal distortion, whereas, in the present work the 
structure remains cubic. Collected data were refined by the Rietveld method using Fullprof suite 
program. Detailed information, extracted from the Rietveld refinement, of BZY15 structure is 
listed in Table 5.2, based on which the refinement are carried out. The Rietveld parameters were χ2 = 
1,497 and RF = 5 %, which are between the considered acceptable values χ2 < 2 and RF < 10 %.  
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Figure 5.2.2 Diagram of XRD powder diffraction data for BaZr0.85Y0.15O3-δ refined by Rietveld 
method 
 
 
Table 5.2 Structural parameters and reliability factors for the Rielveld refinement of BaZr0.85Y0.15O3-δ 
x = 0.15 BaZr0.85Y0.15O3-δ 
Cell parameters 
Space group 
a = 4.2179(2) Å 
Pm  m 
Atom Wyckoff x, y ,z positions 
Ba 2a x = 0.5000, y = 0.5000, z = 0.5000 
Zr 2a x = 0, y = 0, z = 0 
Y 2a x = 0, y = 0, z = 0 
O 6b x = 0.5000, y = 0, z = 0 
RBragg, Rf  RBragg =  3.54, Rf = 5, Rwp = 10.2 
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The surface morphology of sintered BZY15 pellet was investigated by scanning electron 
microscopy (SEM). The result for the BZY15 is shown in the micrograph of Figure 5.2.3. This 
indicates that the surface of the samples presents a crystalline character; the relative density of the 
samples reaches 95 %. The average grain size is approximately 0.5 µm, with a wide distribution of 
grain sizes (0.2–1 µm). The small grain size is consistent with the observation that BZY is highly 
refractory with low rates of grain growth under typical sintering conditions. The step of covering the 
samples had little effect on density, but tended to yield materials with slightly larger grain sizes.  
 
 
  
Figure 5.2.3 SEM picture of pellet surface of BaZr0.85Y0.15O3-δ sintered at 1600 °C for 24 h 
 
5.3.1 Enhanced Sintering of Yttrium doped Barium Zirconate by addition of ZnO and 
NiO 
Given the difficulties in sintering BaZrO3-based materials, the use of sintering aids was an 
obvious choice to improve the BaZrO3 sinterability. Babilo and Haile [26] screened a number of 
transition metal oxides as sintering aids for BZY powders prepared by a combustion method, such as 
NiO, CuO and ZnO which could be the most effective additives for enhancing barium zirconate 
densification. Recently, both Haile’s and Irvine’s groups have reported that ZnO as an additive or a 
second dopant can  favour a high densification at low sintering temperature (1300 – 1350 °C), and can 
strengthen the chemical stability, even if this slightly decreases the total conductivity [26, 34-37]. The 
results reported are nevertheless contradictory concerning zinc position in the materials. Babilo et al. 
[26] reported that ZnO accumulates in the intergranular regions as observed by SEM and energy 
dispersive X-Ray spectroscopy (EDS). This could also be expected to increase the vacancy 
concentrations on both the Ba and oxygen sites:                                       (5.4) 
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where        and     represent Zn ion occupying Zr lattice site and O ion at normal lattice site, 
respectively,       is vacancy of Ba. On the other hand, Tao et al. [34] reported that zinc enters the 
lattice structure because of the ionic size of Zr4+ and Zn2+ ions are 0.72 and 0.74 Å, respectively, which 
are fairly close. From this point of view, Zn2+ ions are easier to enter the BaZrO3 lattice than other 
transition ions and this could be the reason why zinc is a more effective additive than other transition 
metal oxides. ZnO reacts with barium oxides to form intermediate barium zinc oxides with relative 
lower melting point decreasing the sintering temperature. Another possibility is that zinc enters the 
perovskite lattice and the Zn-containing perovskite exhibits a lower melting point, which further 
leads to denser samples. Herein we describe use of ZnO and NiO sintering aids to achieve higher 
densification of BZY15 at lower sintering temperatures. 
The calcined powders of BZY15 were mixed with given quantities of ZnO and NiO and then 
milled in a planetary mill (300 rpm) for 24 hours. A ZrO2 container and ZrO2 balls of 5 mm diameter 
were used. The powders were axially pressed pressed into 10 mm pellets by uniaxial pre-pressing in a 
steel die under 2 t pressure for 1 min, and then isostatically pressed at 750 MPa during 10 min (green 
densities ~ 60-70 %). The pellets were surrounded with a powder mixture of already sintered Y-
substituted barium zirconate powder mixed with 10% of BaCO3, as it was suggested by Babilo et 
al.[26] (Figure 5.2.1) and then sintered at 1300 °C for 24 hours. The relative densities of sintered 
pellets were determined by measuring the dimensions and weight of each sample, as described in 
Chapter 2 and presented in Table 5.4. NiO sintering aid can increase significantly the density of 
samples at 1300 °C, but still the density is lower than for pure BZY15 at higher temperature. In case of 
ZnO additive, we could observe a maximum in density 97 % for 1 % of ZnO, and then slight decrease 
of density for higher doping levels. X-Ray diffraction patterns of sintered pellets of BZY15 with ZnO 
and NiO sintering aids are presented in Figure 5.2.4. As we could notice, there is no new phase 
formed.  In all cases, a single phase with a cubic structure is observed (space group Pm   ). The 
lattice parameters were refined using FullProf program, see in Table 5.4. Dense single phases of 
BZY15
 
compound are obtained at 1300 °C, which is about 300 °C lower than for BZY15
 
without ZnO 
and NiO. A similar behavior was shown in the compound BZY20, for which the dense single phase 
preparation temperature with ZnO is roughly 350 °C lower than that required for pure BZY20 [34].  
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Figure 5.2.4 XRD patterns of sintered pellets of BZY15 with ZnO (a) and NiO (b) additives after 
sintering at 1300 °C 
 
 
Table 5.4 The lattice parameters and relative densities of BZY15 compounds after sintering  
at 1300 °C 
Sample Cell parameter 
a, Å 
Cell volume, Å3 Relative 
density, % 
BZY15
 
+ ZnO 1%
 
4.2201(2)    75.159 97 
BZY15 + ZnO 2%
 
4.2219(4)   75.258 92 
BZY15 + ZnO 3%
 
4.2285(2)    75.611 90 
BZY15 + NiO 1%
 
4.2065(1)   74.437 84 
BZY15 + NiO 2%
 
4.2118(1)    74.719 90 
BZY15 + NiO 3%
 
4.2131(2)    74.784 94 
 
The microstructure of sintered pellets is shown in Figure 5.2.5 and 5.2.6. The SEM pictures of 
BZY15+ZnO are presented in Figure 5.2.5. The grain size grows obviously with increasing the 
percent of  ZnO: from 0.7 - 1 µm for 1 % of ZnO to 1.5 - 2.5 µm for 3 % of ZnO. Figure 5.2.6 
illustrates the microstructure of samples with NiO as a sintering aid sintered at 1300 °C. We can see 
the similar behavior as for the ZnO samples: an increase of grain size from 0.5 - 1 µm for 1 % of NiO 
to 1.5 - 2.5 µm for 3 % of NiO. It confirms the same results which were reported in [26] that the grain 
size of Y-doped BaZrO3 with 4 mol % ZnO is higher than that of simple Y-doped BaZrO3 for samples 
sintered at 1300 °C.  Hence, considering the great difference of temperature between the two 
treatments, we can consider that NiO and ZnO favours grain growth.  
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Figure 5.2.5 SEM pictures of pellet surface of BZY15+ ZnO (1, 2, 3% respectively)
 
sintered at  
1300 °C for 24 h 
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Figure 5.2.6 SEM pictures of pellet surface of BZY15+ NiO (1, 2, 3% respectively)
 
sintered at  
1300 °C for 24 h 
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5.4 Transport properties 
Impedance spectroscopy (IS) was performed on dense pellets with both sides coated with 
platinum paste as electrodes, using a Solartron 1260 Frequency Response Analyser in the 1 MHz – 0.1 
Hz frequency range under dry and wet Ar in the temperature range 300 – 900 °C. The modelling of the 
impedance spectra gives access to the values of the conductivity for the different contributions. The 
Nyquist representation (Z'' versus Z' as parametric functions of the frequency) for BZY15 sample 
monitored at different temperatures under dry and wet conditions is shown in Figure 5.3.1. The 
fitting of the data is illustrated by the red line. The modeling of the impedance spectra was done by 
using ZView software. 
 
 
Figure 5.3.1 The Nyquist plots of BZY15 in dry and humidified Ar at different temperatures: 600 °C 
(a) and 500 °C (b) 
 
A general trend can be observed for all samples: at high temperatures, conductivities are the 
same under wet and dry conditions but at low temperatures, conductivities in wet argon become higher 
than those in dry argon. This indicates that proton conductivity is certainly dominant at low 
temperature. Figure 5.3.2 shows dependences of electrical conductivity for BZY15 sample. The 
conductivity of BZY15 measured under dry conditions is of about 0.5 order of magnitude lower 
for the bulk and about 0.3 order of magnitude lower for the grain boundary than under wet 
conditions. The bulk conductivity is 3×10-4 S.cm-1 at 600 °C what is 1 order of magnitude lower than 
reported by Schober et al. [10] and Snijkers et al. [31]. Activation energies for BZY15 are listed in the 
Table 5.5. According to literature, the activation energy for yttrium-substituted BaZrO3 was about  
0.42 eV - 0.31 eV in the 5 mol % to 15 mol% of Y3+ on Zr site [32]. Kreuer reported that the activation 
energy was about 0.44 eV in the Y3+ concentration range of 2 mol % to 10 mol % and 0.48 eV for 
BZY20 [12]. These last results for zirconates compounds suggest that the proton transport activation 
energy is constant at low substituant concentration, and might increase for higher Y3+ concentration. 
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Our results for pure BZY15 indicate activation energy of 0.54 eV which is significantly higher to that 
observed by the previously mentioned authors. A possible explanation is that our sample was not at 
thermodynamical equilibrium in spite of low cooling ramp (12 °C/ h). 
 
 
Figure 5.3.2 Bulk and total conductivities of BZY15 under dry and wet Ar 
 
Figures 5.3.3 and 5.3.4 show that the conductivities are affected by the ZnO and NiO as a 
sintering aid. The results for all compositions show that the conductivity is dominated by grain 
boundary conductivity and that the effect is more evident under wet atmosphere since grain boundary 
conductivity evolves only slightly with humidity. A similar behavior exists in most of proton 
conductors, in particular barium zirconate compounds [12, 17, 32, 33]. For ZnO as a sintering aid, 
Babilo et al. [24] reported that the bulk conductivity of 4 mol % ZnO modified BaZr0.85Y0.15O3-δ is 
lower than that of unmodified. However, in this study, we observed that 1 mol % ZnO as a sintering 
aid increase the bulk conductivity. Further increase of ZnO quantity leads to a decrease of bulk and 
total conductivity, which possibly reflects of the lower sample’s density. The linear behavior of the 
logarithm of conductivity versus 1/T is observed at all temperatures in the dry Ar, from which the 
activation energy of the total, bulk and grain boundary conductivity can be extracted.  In Table 5.5 are 
gathered the activation energy in the dry and wet Ar as obtained from the measurements between 300 
°C and 900 °C. The activation energy of the bulk conductivity for ZnO modified BZY15 samples 
increases from 0.52-0.56 eV under wet conditions to ~0.70 eV under dry conditions, whereas the 
activation energy of the grain boundary conductivity is similar for both atmospheres with a value of 
~ 1.1 eV. 
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Figure 5.3.3 The conductivity of samples measured in dry and wet Ar: BZY15 (●- dry Ar, ○- wet Ar), 
BZY15+ZnO 1% (●- dry Ar, ○- wet Ar), BZY15+ZnO 2% (●- dry Ar, ○- wet Ar) 
 
 
 
Table 5.5 Activation energy of bulk, grain boundary and total conductivities of BZY15
 
compounds 
under Ar atmosphere 
 
 
Composition Total Dry 
(eV) 
Bulk 
Dry 
(eV) 
GB Dry 
(eV) 
Total 
Wet 
(eV) 
Bulk 
Wet 
(eV) 
GB Wet 
(eV) 
BZY15 1.17 0.70 1.11 1.10 0.54 1.04 
BZY15
 
+ ZnO 1%
 
1.08 0.72 1.14 1.01 0.52 1.08 
BZY15 + ZnO 2%
 
1.18 0.71 1.09 1.13 0.56 1.02 
BZY15
 
+ NiO 1%
 
1.15 0.70 1.10 1.08 0.55 1.04 
BZY15 + NiO 2%
 
1.01 0.69 0.99 1.01 0.48 1.00 
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In the case with NiO modified BZY15 samples we observed another behavior: due to the low 
density of 1 mol % NiO sample, conductivity is significantly lower (1.5 order of magnitude) than pure 
BZY15. With increasing density and grain size for 2 mol % NiO we could noticed a slight increase of 
total conductivity comparing to the 1 mol % NiO sample, what is still lower than total conductivity of 
unmodified BZY15. In a low temperature range difference in conductivity values in dry and wet 
atmosphere reaches 1 order of magnitude for 2 mol % NiO sample. Activation energy for all 
conductivities is presented in Table 5.5. The activation energies of bulk conductivities were between 
0.48 eV and 0.55 eV, which is typical for proton conductors (0.4 - 0.5 eV) [19, 20].  
 
   
 
 
 
Figure 5.3.4 The conductivity of samples measured in dry and wet Ar: BZY15  (●- dry Ar, ○- wet Ar), 
BZY15+NiO 1% (●- dry Ar, ○- wet Ar), BZY15+NiO 2% (●- dry Ar, ○- wet Ar) 
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5. 5 Conclusion 
Crystalline fine powders of BZY15 have been prepared by a modified citrate-EDTA 
complexing method. Dense BZY15 (95% of the theoretical density) is prepared by compaction of 
the green body at 750 MPa and sintering at 1600 °C. Homogeneous grains with a mean grain size of ~ 
0.5 µm are obtained. Single-phase and dense BZY15 compounds have been successfully prepared at 
1300 °C by adding 1-3 mol % ZnO and NiO as a sintering aid using a planetary ball mill. This 
temperature is significantly lower than the one to obtain dense ceramics (1600 °C) without sintering 
aid. Structural   characterization reveals that all compounds present a cubic perovskite  structure with a 
space group Pm  m. Maximum density is obtained for 1 mol % ZnO modified BZY15 (97% of the 
theoretical density). SEM observations confirmed that grain size grows with an increase of mol % of 
sintering aid.  
Measurements by impedance spectroscopy were performed under dry and wet argon. The bulk 
and the grain boundary contributions were separated. The bulk conductivity is dominated by proton 
transport. At low temperature, proton conduction is observed in humid atmosphere for all compounds. 
Indeed, the bulk conduction increases greater in humid atmosphere while it increases only slightly for 
GBs. Bulk conductivity of 1 mol % zinc oxide modified BZY15 is higher than that of unmodified 
BZY15. It reaches 9×10-3 S.cm-1 at 600 °C that still lower than reported by Schober et al. [10] and 
Haile et al.  [26]. The grain boundaries are the limiting contribution to the total conductivity. Although 
the conductivity of NiO modified BZY15 is somewhat lower than the unmodified counterpart, the 
dramatic reduction in sintering temperature (from ~1600 –1700 °C), which will enable the exploration 
of a wider variety of potential electrode materials, renders the modified composition an attractive 
alternative to simple BZY15. Therefore, optimization of transport properties relies heavily on the 
ability to grow grains to moderate sizes so as to reduce total grain boundary area. Modification of 
BZY15 with sintering aids enhances grain growth and addresses precisely this challenge, although 
further optimization will be necessary in order to obtain total grain boundary conductivity that is 
greater than that of unmodified BZY15. 
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Chapter 6 General conclusions and perspectives 
6.1  Summary 
This work mainly concerned three families of compounds Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+), 
Ba2Y1+xNb1-xO6-δ and BaZr0.85Y0.15O3-δ (BZY15) which have been systematically investigated as 
potential electrolyte materials for solid oxide cells. 
In the first part of this thesis, we showed that Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+) materials have 
been successfully synthesized by microwave-assisted citric acid combustion method. Low levels of 
oxygen vacancies were created in the Gd3GaO6 structure by doing cationic substitutions (Ca2+, Sr2+) on 
Gd-sites. Pure and homogeneous powders were obtained after calcinations at 900 °C for 5 h. 
According to SEM observations the average particle size is around 100 nm. The sinterability of 
nanopowders is dependent on the dopant nature but, in all cases, rather high if compared to the pristine 
composition Gd3GaO6. The highest density of samples, after sintering at 1450 °C for 10 h, was found 
for 10 % doping level and it reaches 94 % for Gd2.9Ca0.1GaO6-δ and 96 % for Gd2.9Sr0.1GaO6-δ. Detailed 
crystal structural information was obtained from Rietveld refinement of X-Ray diffraction data. Solid 
solutions are formed till 10 % of doping content and all the compositions in this range have a single 
phase and are isostructural with pure Gd3GaO6 (non-centrosymmetric orthorhombic structure, space 
group Cmc21). Cell parameters increase slightly with increasing dopant concentration. The 
conductivity of the well-sintered Ca/Sr-doped samples of Gd3GaO6 was measured in dry and wet 
argon. When dealing now with the behavior of such compounds as proton conductors, we observed 
that all compounds present at intermediate temperature dominating proton conduction in wet 
atmosphere. The best conduction properties are observed for higher Ca2+ and Sr2+ contents, 7.1×10-5 
S.cm-1 and 7.5×10-4 S.cm-1 at 600 °C in wet argon respectively. Our compounds have the same level of 
conductivity comparing with materials whose structure contains tetrahedral units, such as 
La0.99Ca0.01NbO4. The stabilities of Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+) were investigated under different 
atmospheres and conditions. In H2O, CO2 and H2-containing atmospheres, all materials show an 
excellent stability, as confirmed by XRD.  
The second part was an exploration of Ba2Y1+xNb1-xO6-δ group of oxides. Nanopowders of the 
desired stoichiometry were prepared by the freeze-drying process and then calcinated at 900 °C for 30 
min in ambient atmosphere. Solid solutions are formed till 20% of yttrium doping. It was found that 
the samples Ba2Y1+xNb1-xO6-δ are single-phase in the range 0≤ x ≤0.2 and the diffraction pattern could 
be indexed in a cubic structure of double perovskite (space group Fm  m). The microstructures of 
sintered samples were observed by using SEM and it shows that the average grain size increased 
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significantly with increasing amount of Y, e.g., from 1 to 5 ȝm. First TEM observations confirm the 
cubic structure, but the degree of ordering is nevertheless difficult to evaluate because of the too high 
thickness of lamella made by FIB.  
The conductivity measurements were performed under mixture of Ar+H2 in different humidity 
of atmosphere. As a general rule, the highest conduction properties are obtained for the highest doping 
levels, which indicate that for the range of composition studied the conductivity is driven by the 
number of charge carriers. For instance, the partial replacement of 20 % of niobium by yttrium 
noticeably improves the conductivity till 2.5 × 10−4 S.cm−1 at 800 °C. Nevertheless, in the conditions 
of measurements (Ar/H2), the charge carriers are certainly of mixed nature (electron/oxygen-proton), 
since measurements in air lead to a too insulating compound. We assume thus that there is a partial 
reduction of niobium under hydrogen for this series of compounds. In order to understand better why 
the level of ion conduction is so low in Ba2Y1+xNb1-xO6-x in spite of high doping levels and adequate 
microstructure, we performed Molecular dynamics (MD) simulations. MD confirms the fact that local 
environment is different for Nb5+ and Y3+ ions with a tendency of yttrium dopant ion to trap oxygen 
vacancies. This strong trapping effect can be related to the great difference of size between Niobium 
atoms (rNb5+ = 0.64 Å) and Yttrium dopants atoms (rY3+ = 0.90 Å). Stability under wet atmospheres and 
against CO2 were also explored and all compounds get partially reduced. 
The third part was presented a study of the sintering of BZY15 compound, without and with 
ZnO and NiO additives. BZY15 powders were prepared by a modified citrate-EDTA complexing 
method. This nanopowder fabrication process provides good phase purity at a low synthesis 
temperature. XRD patterns indicated that powders have characteristic diffraction peaks of a crystalline 
structure of BaZrO3. We showed that the use of ZnO and NiO as sintering aids for the BZY15 
compound allows obtaining a relative density till 97 % for 1 % ZnO after a sintering at 1300 °C. This 
temperature is significantly lower than the required sintering temperature 1600 °C without additive. In 
all cases, a single phase with a cubic structure is observed (space group Pm   ). The grain size grows 
obviously with increasing the percent of sintering aid from 0.5 µm for BZY15 to 2.5 µm for 3 % of 
additive what confirmed by SEM observations. Measurements by impedance spectroscopy were 
performed under dry and wet argon. Our results for pure BZY15 indicate activation energy of 0.54 eV 
which is significantly higher to that observed in literature. A possible explanation is that our sample 
was not at thermodynamical equilibrium in spite of low cooling ramp (12 °C/  h) due to low diffusion 
rate in high density nanocrystalline samples. At low temperature, the proton conduction is limited by 
the grain boundary rather than the bulk. However, we could notice that 1 % of Zinc oxide as a 
sintering aid slightly increases bulk and total conductivity comparing with pure BZY15. The best 
conductivity for these series of samples has 1 % of ZnO and reaches 9×10-3 S.cm-1  above 600 °C. 
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6.2 Perspectives 
Further work is suggested on the following topics: 
1. Gd3-xMexGaO6-δ (Me = Ca2+, Sr2+): 
-  MD simulations would concern the modeling of protons inside the doped Gd3GaO6 materials. 
This would give some indications on the localization of protons, migration energies and mechanism of 
migration. More interesting would be to determine the possible dopant–proton interaction energies that 
would help determining the best dopant elements. Such simulations could also concern the behavior of 
oxygen vacancies. 
-  Transport numbers measurements by EMF method. 
-  Due to their stability, the gallates could be used in high temperature devices expecting that the 
amount of filled vacancies could increase under several atmospheres of water vapour. 
-  The performances of the doped Gd3GaO6 materials operating in fuel cells have never been 
tested so far. It would be of main interest. Therefore, adequate electrodes have to be developed. 
 
2. Ba2Y1+xNb1-xO6-δ: 
-  Further exploration of local structure by TEM technique. In particular, the study of the 
environment of yttrium dopant atoms will give a definite confirmation of the proposed mechanism of 
oxygen vacancy trapping. 
-  Transport numbers measurements by EMF method. 
-  Since Yttrium dopant is thought to ask as a trap for oxygen vacancies. Further dopants might 
explored. MD simulations might play a significant role to anticipate which dopant would give the best 
oxygen diffusion coefficient. We anticipate that dopant with a size closer to that of Nb+5 would be 
more adequate. Experiments are currently performed with Sc+3 and Ga+3 dopants. 
 
3. BZY15: 
-  Densification and microstructure of BZY15 at low temperature should be improved. 
-  Perform a conductivity measurement with different cooling rate to reach a thermodynamical 
equilibrium with the objective to obtain a bulk conductivity closer to that of previous works. 
- Ion exchange depth Profile: the oblation of dense samples could allow using this material as a 
standard for calibration proton exchange measurements. 
- Atomic Probe Tomography: this method allows obtaining an atomic scale distribution of the 
elements. In our case, it could be applied on nanostructured ceramics to locate potential Y/Zr 
segregation or Ba depletion at grain boundary, this to explain the specificity of BZY15 conductivity. 
The very first experiments did not give the expected results.  
 
 
